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INTRODUCTION AND HISTORICAL OUTLINE.
The word "ferroelectric* re fe rs  to  a  ce rta in  d e s s  of ceramic body, 
which exhibits spontaneous electric polarisation over a definite temperature 
range. The phenomena associated with 'ferroelectric* are,-a polarisation - 
field  curve that occurs in tb® for® ©f a hysteresis loop# m strain field  
curve -that also occurs i s  a. loop# and .a wide variation ©f the dielectric  
constant with temperature* -Th® temperature region where spontaneous pola­
risation occurs i s  named the Curie region. Is the neighbourhood of the 
Curie rtgiea the dielectric eosstsast Increases up- to m  extremely high 
value*
% defin ition#  f e r r e e le c t r id ty  i s  the d ie le c tr ic  asialogy of fe r rc -  
megr^iisau I t  must be emphasized* however# th a t spostaseous e lec tric  
p o la risa tio n  and ferromagnetism have e s s e n tia lly  d iffe ren t, causes# although 
they resemble each o ther i s  having a  tesgperature region of spontaneous 
po larisa tion*
The original research which le d  to the urn o f . f e r ro e le c tr ic  materials 
as d ie le c tr ic s  was undertaken by German s c ie n t is ts  soon a fte r  the year 
1 9 0 2 ^ ^ *  About) -1914 i t  was discovered by Anderson and C adhy^^' that 
the d ie le c tr ic  constant in the d irec tio n  of on# of the crystal axes of 
Bochelle s a l t  increases abnormally a t  c e rta in  temperatare s . This d is ­
covery led to a great number of in v es tig a tio n s  on the d ie lec tric#  piezo­
e le c tr ic #  pyroelectric#  optical# thermal and structural properties of 
Nochelle salt*
The f i r s t  f e r ro e le c tr ic  substance to  foe discovered wm Ju st Rochelle 
salt*  Itaely# in 1921 Valasek^^^ found that Rochelle sa lt  exhibits the 
character o f a  nonlinear d ie lec tric*
The physical p ro p ertie s  of Rochelle ssalt were described ia  d e ta il  
in  a se r ie s  ©f papers fey Valemek,. in  which the analogy between the d i­
e le c t r ic  p ro p erties  o f Rochelle s a l t  aad ferromagnetism was emphasized,' 
Beginning about 1929* Shulvas -  Sorokina m d  J ,  K urchatov^^ ia  Russia 
made numerous con tribu tions to  the su b jec t.
Further, la  1955 Bttdh aad Soherrer^*^ studied the dihydrogea phos­
phates gad arsenates and found th a t these m ateria ls  had the p ro p ertie s  of 
fe r ro e le c tr ic  m ateria ls  s im ila r to  Rochelle s a l t ,
. Subsequently, Weiner and Salomon ■ discovered the unusual d ie le c tr ic  
p ro p erties  c f  barium titan ste  in  1$%2, They observed th a t titanates of 
barium end strontium  exhibited extremely high d ie le c t r ic  constan ts, which 
varied  with temperature*
During World W&r 11, when the f i r s t  work on barium titanate became' 
generally  av a ilab le , wide in te re s t  developed, ; fhe t i ta n a te s  have since
been the ob ject of in tensive  p ra c tic a l and th e o re tic a l study in the
(17—47)Welted S ta te s , Russia, England end o th er countries •
Much pioneering development on these m ateria ls  was done by £• Rainer 
and c o - w o r k e r s ' a t  the Titanium Alloy Mfg. Company, but p e rtin en t 
information remained re s tr ic te d  in  1US, u n t i l  the end ©f the World War I I ,  
fhe d ie le c tr ic  p ro p erties  o f r u t ile , magnesium t i ta n a te s ,  calcium t i ta n a te s ,  
strontium  t ita n a te s , .barium tita n a te  and barium -  strontium  titanate  
m ixtures have been described in  a  comprehensive pub lication  by von Hippel
(49)
and co-workers at-the labora to ry  fo r  in su la tion  Research * Barium 
t i ta n a te  condensers were revealed in  the post-war period as the newest . 
eea \e f the capacito r industry . Many u s e fu l ' c h a ra c te r is tic s  of fe r ro -
Ieleetrie m a te ria ls$ such a® high d ie le c tr ic  constan t, high break down
voltage, high curren t c a p a b il i t ie s , accelera ted  much s c ie n t if ic  in te res t*
. . . . . .  th e ’, in v es tig a tio n s  t e e  in. the period 1$48 -  X$5% have covered a :
study, on the one hand,.'of the s c ie n t if ic  problem,:;which provided an- «*-■■
. pl&saticm of the observed'phenomena of ferreel*© iricity . and, on the o ther
hand, of the techn ica l problems associated  w ith the. production ©f m ateria ls
su itab le  fo r p ra c tic a l  use and w ith the varied  p o ten tia l, app lica tions
whieh„ have emerged. ^  50-l>5)
l i t h i a  .a few years a f te r ' I f 46, uses fo r fe r ro e le c tr ic  m ateria ls  have
g rea tly  expanded* ' they find  app lica tions from high-capacity , sm all- 
volume condeaeera fo r te lev is io n  and m iniature c ir c u its  to  ac tiv e  elements 
fo r phonographic pickups, accelerometers, u ltra so n ic  generators and o ther 
devices* ~ fhe pronounced non-linear c h a ra c te r is tic  observed fo r
fe r ro e le c tr ic  materials suggested th e ir  possib le  p ra c tic a l use as non­
l in e a r  c ir c u i t  elements fo r a  number o f a p p lic a tio n s 'lik e  amplifiers, 
modulators*, phase s h if te r s ,  frequency convertors, e le c tr ic a l ly  adjustab le  
f i l t e r s ,  e tc .  '
Although non-linear inductors and r e s is to r s  had received many ap­
p lic a tio n s  in  the e le c t r ic  c i r c u i t ,  w ry  l i t t l e  thought was given a t '
.p resent to  c i r c u i t  app lica tions of non-linear condenser®.
ip'sSuch'development was undertaken by Huberts in  1947 • He has
given schematically several possib le  app lica tions of nonlinear condensers, 
fu r th e r , severa l schemes have been proposed fo r  taking advantage ©f th i s  
nonlinear effect by eonleyt3)(1947, Reddish*1405* ! ^ )  end Vincent*1415
V
I(1951) . ■ At present U rkow ita^2  ^ Cl$$£) h m  given .the application of 
nonlinear condensers for some .types o f d ie lec tr ic  am plifiers. : ■■■■•■:.:.
I t  ia. hoped that a  c le a re r  understanding o f .both .the.p o te n t ia l i t ie s  
and lim ita tio n s  o f nonlinear, capacito rs w ill  r e s u l t ,  giving r is e  to  a 
sore rap id  and more s a tis fa c to ry  u t i l i s a t io n  o f these elements' i n . e le c t r ic  
c i r c u i ts .  : ; = . . ■
c h a p t e r  I .
The P roperties of F e rro e le c tric s  as Ron-li&ear B ie le c tr ic s  . -  Heview 
of the  Recent Work on th is  Subject.
1 .1 . In troduction .
1 .2 . C r i te r ia  of F e rro e le c tr ic ity . .
1.3* F is t  of F e rro e le c tr ic s .
1.4* Cry® talographie S tructure o f F e rro e le c tr ic s •
1.5* Temperature C h a rac te ris tic s  of Ferroelectric®  a t  Very Weak F ie ld s . 
1 .6 . Behaviour of F e rro e le c tric  M ateria ls under E le c tr ic  F ield  S treng ths. 
1.7* Spontaneous P o la riza tion .
1 .8 . S pec ific  Heat Anomaly.
1 .9 . Ferroelectric®  a t  High Frequencies. ■
1.10. Influence of H ydrostatic Pressure.
1 .11. Solid  Solution of Ferroelectric®  with Additives.
1 .12. Reviews of the Theories of BaTiO^ Type of Ferroelectric® .
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1 .1 . Introduction*
fh» essen tia l problem o f th* nonlinear condensers i s  knowledge of 
nonlinear d ie lec tric® . flier©fore, the work described in  thisjpapefr was 
s ta r te d  frm  the review ©£ recen t works m  f e r ro e le c tr ic  m ateria ls  as 
nonlinear d ie le c tr ic s .
■ Hie d ie le c tr ic  behaviour of a  fe r ro e le c tr ic  m ateria l i s  very complex, 
and parameters used to  describe an ordinary d ie le c tr ic  are  in su f f ic ie n t 
fo r i t s  d escrip tio n .
: ffee molecular theory of f e r ro e le c tr ic i ty  i s  s t i l l  a t  m  e a rly  stag© 
and ^ © in fo rm ation  so fa r  availab le  does not allow a  c le a r 's c ie n t i f ic  
understanding of a l l  the p ro p erties  of fe r ro e le c tr ic  m ateria ls ..
Therefore9 the purpose o f th is  chapter i s ,  to  give a  descrip tion  of 
the experimental fa c ts , followed by a  sho rt survey ©f the th e o re tic a l 
explanations.
the present paper w ill  deal mainly with these fe r ro e le c tr ic s  i s  
poly crysta llia e  phase and th e ir  s o lid  so lu tio n s with © number o f re la te d  
ecmpGUfidSt which can find  p ra c tic a l app lica tions in  nonlinear condensers 
as e ssen tia l component & fo r d ie le c tr ic  am p lifie rs .
I ;g ;  C r i te r ia  of Ferroeiec t  r t  o i ty » : •
■ {A.Q 144 75)
According to  the present theory » fe r ro e le c tr ic  m ateria ls
.re fe r .to. a  c la ss  of ceramic d ie le c tr ic s  which exh ib it d ie le c tr ic  anomalies 
ph&noaonolog^.cally s im ila r to  th e . magnetic behaviour o f f e r r  omegasti©m• .
They m anifest high d ie le c tr ic  constants, v a ria tio n  o f.th ese  with tempera­
ture  rea r the Curl© po in t ©ad th e ir  spontaneous p o la r isa tio n » which cm  he 
reversed by an a tta in a b le  f ie ld  streng th m m  ind icated  by a d ie le c tr ic  
h y ste res is  loop*
(%k% 144)Miss Megaw emphasises, in  her recen t paper, * ' th a t the d is t in c tiv e  
character o f f e r ro e le c tr ic i ty  does not l i e  in  the spontaneous p o la risa tio n , 
but in  i t s  re v e rs ib ility *
The fe r ro e le c tr ic  s ta te  p e r s is ts  in  most cases over the temperature 
rm m  from absolute zero (except Rochelle s a l t )  to  s « #  d e fin ite  tempera­
tu re  a t  which thermal a g ita tio n  destroys the spontaneous po larisa tion*
■ In the fe r ro e le c tr ic  s ta te  generally  a  large  p ie z o e le c tr ic  e ffe c t 
exists* ■ th i s  feature  I s  c h a ra c te r is tic  a lso  fo r  th a t s ta te*  For the ■ 
theory e f - fe r ro e le c tr ic  m ateria ls  the behaviour of lead  s ireonats (FbSSrOj) 
i s  very in te re s tin g . Shirans, S&wagochi and T ak ag i^ '^  found th a t very 
pure PbSrO^ shows no d ie le c tr ic  h y s te res is  loop ■ below the Curie po in t, 
un less very high f ie ld  streng th s are used, when the loop i s  anomalous.
They conclude th a t the m ateria l becomes fe r ro e le c tr ic  a t  high f ie ld  
s tren g th , explaining i t  on the assumption th a t there e x is t  s tru c tu re s  
with p a ra l le l  and an tipara lle l-d isp lacem en ts, not d iffe r in g  much in  energy.
- 7 -
and th a t  the former can he adopted under the  influence of an applied f ie ld . 
Therefore* I t  has been suggested th a t FbZrO^ ( S h i r a n e ^ ^ *  Sawagaehi* 
T a k a g i^ ^ }  and WQ^  a t  room temperature (M atthias and W o o d ^ * ^ )  
are " a n t i f e r ro e le c tr ic s .H The word ifant i fe r ro e l* c tr io ’* was suggested 
by m  analogy w ith ferromagnetism.
KLttel '  4 pointed out* th a t  the p ie z o e le c tr ic  e f fe c t  should not 
e x is t  in- the © ntiferroelectri©  s ta te .  This fea tu re  may be a  convenient 
way to  d is tin g u ish  the  a n tife r ro e le c tr ic  from fe r ro e le c tr ic  s t a t e . '
According to  the. p resent works on fe rro e le © tr ic ity * the following 
fea tu res  may be the most convenient fo r c la ss ify in g  m ate ria ls  as f t r r o -  
electrlC)**-;
a) sharp c h a ra c te r is tic  o f the p e rm ittiv ity  -  temperature curve;
b) h y s te re s is  and sa tu ra tio n  e f fe c ts ;
c) maximum of sp e c if ic  heat* op* a t  Curie p o in t;
d) p iez o e lec tric  e f f e c t .
- 8 -
1*3* l i s t o f  F e r ro e le c tr ic s . , :
la  tab le  I  are tabulate*! the p resea t known fe rro e le  c t r ic s  and, for 
some, th e ir  c h a re c te r is tic  va lues. The date in  tab le  I  were surveyed 
from published s c ie n t if ic  papers (u n t i l  1954) end from measurements, 
which were c a rr ie d  out during the p reparation  o f . t h i s  th e s is . , The fe rro ­
electric©  were divided in to  four groups and these in to  a number of c lasses 
against the s im ila r ity  o f th e i r  atomic s tru c tu re  and fe r ro e le c tr ic  pro­
p e r t ie s .
a) Ferroelectric©  o f the f i r s t  group.
The f i r s t  substance to  be discovered was Eochell© s a l t ,  41^0,
by Valssek (1921). ■ This substance was fu rth e r investiga ted  by many ■
s c i e n t i s t s '^ " "  lo ch e lle  s a l t  has two Curie po in ts  a t  -15 *C and
*22.5*C, resp ec tiv e ly . / Between these two temperature© a  c ry s ta l o f .
Kochelle s a l t  shows fe r ro e le c tr ic  p ro p erties  .in the d irec tio n  of the a -  ■
(149)a x is . According to  Hablut&er* s  measurements' -* the d ie le c tr ic  constant
c%- *—
(Fa) reaches values of about 4uCX} ^of^the Curie p o in ts  and between these 
i t  decreases, to  about 150* -V Several, disadvantages ..of Bochelle s a l t  ex- . * 
elude i t  from wide app lica tion  as a  non-linear d ie le c tr ic .  These disad­
vantages a re s-  ^ . .
1 , D ie le c tr ic  constant and the nonlinear p ro p erties  very rap id ly
4" (172)decrease with the increase of frequency above 10 c /s  •
\
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t .  Temperature range of fe r ro e le c tr ic i ty  i s  very n a r r o w ^ ^ .
3. Monlin@ar p roperties  can be observed only in  the fe r ro e le c tr ic  
ax is , i . e .  in  the a -a x is .
. 4 .  Maximum value o f applicable, voltage streng ths i s  small and 'the ;; 
break down voltage a t  normal conditions of pressure and tempera­
tu re  i s  about 0.C08 MV/m in  a i r  and 0.0018 M?/m in  transform er o i l .
5 . the  c ry s ta ls  of Bochelle s a l t  are very f r a i l .  ■■
6. At temperature about 65*0 Bochelle s a l t  decomposes. ;
7 . Bochelle s a l t  i s  an unstable substance, d isso lv ing  in  water,
the other fe rro e le  c tr ic s  of t h e 'f i r s t  group .(tab le  I )  a lso  do not
-exhibit reasonable p ro p erties  fo r  wide".practical a p p lica tio n . ’ Bsmely, they
have d ie le c tr ic  constants below the average value fo r  o ther fe r ro e le c tr ic  
c ry s ta ls , and they have the range of f e r ro e le c tr ic i ty  sh ifted  to  very low 
tem peratures.' - ■
b) Ferroele c t r ic s  of the second group. ■
F e rro e lec tric s  of mono-potassium di-hydro-phosphate, has been
discovered and examined by Buch and Scherrer ( 1 9 3 5 ) .  Below -100*C 
i t s  d ie le c tr ic  constant (Be) increases almost hyperbolically  and reaches 
i t s  maximum value of about 32 x 10^ a t  temperature to  ss: -149.5*C. Below 
th is  temperature can be observed the fe r ro e le c tr ic  p ro p ertie s . I t  i s  of 
in te re s t  to  note th a t  in  the d irec tio n  of the a -ax is  th is  c ry s ta l a lso  
shows an anomaly close to  the Curie p o in t. At room temperature i t s
—1 0 —
/d ie le c tr ic  behavious'.Is quite 'norm al.,. , , /  ;
Mono-potassium di-hydro-arsenate , KH^AsO ,^ isomorphous with KH^PO ,^ 
shows sim ila r d ie le c tr ic  p ro p ertie s  to  the former. The c ry s ta ls  of;.' 
RbHgPO ,^ EbHgiSsO^P53!  NS^syO^,' and SH^ HgAsO^  era a lso  isomorphous 
with KH^ PO^  and exhibit, sim ilar' d ie le c tr ic  p ro p erties  to  the f i r s t  repre­
sen ta tiv es  o f  the second group. As i s  seen/fycm t& bl© '!! a l l  fe rro ­
ele  c tr ic s  of the second group possess a  re la tiv e ly  narrow range o f fe r ro -  
e le e t r i c i ty ,  which i s  d isplaced in to  very low tem peratures, This fa c t  
excludes these fe r ro e le c tr ic s  as. u se fu l n o n lin e a r ;d ie le c tr ic s .
c) .Ferroelectric© o f  the th ird  group.
I n ‘recen t years, the study ©f a lka line  e a rth  t i ta n a te s  end many
■Other : compounds w i t h e  s im ila r perovskite crystalographic s tru c tu re  has .
"amplified wide in te r e s t .  > .
The t i ta n a te s  of barium were found by Wiener and Salomon (1942-3)
(48,50)^ and Goldman (1945) the t i ta n a te  o f lead  by Shirane,
Hoshina and Suzuki (1950), the ta n ta la te s  of sodium and potassium by Eulm,
■ M atthias and Long (1 9 5 0 )^ P ,. lead  z iro ra te  by Koberts (1950) and,
.S h ira n a ^ ^ * ^ ? ' and Tagagi (19$1) ^ ^ . *  * the ta n ia la te s  and niobates ;pf ,
(1041rubidium by Smolensk! j  and Kks&evikova (1951) , the niobate of sodium
and potassium by M atthias (lf49 ) and flood (1951) Further, two new
fe rro e le c tr ic  c lasses were found by Bemeika (1949) and M atthias (1951) 
(52,63,95,89)^ fe r ro e le e tr ic s  in  the f i r s t  system were lith ium
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niobate and ta n ta la te , and in  the second tungsten tr io x id e .
From tab le  I  i t  i s  seen, th a t ferroele  c tr ic s  of the th ird  group do 
not possess the disadvantages, to  which the substances of the f i r s t  and 
second group are prone* Namely, the range of f e r ro e le c tr ie i ty  there i s  in 
the scale of tem peratures, which i s  reasonable fo r wide techn ica l app li­
cation . Further, fe rro e le c tr ic s  of th a t group may be employed as single 
c ry s ta ls  or as rugged ceramic m ateria ls which can be formed in to  any 
shape desired . The substances in  p o ly cry sta llin e  phase, elim inate the 
necessity  of specifying a d e fin ite  crystal©graphic d irec tion  fo r the 
observance of the fe r ro e le c tr ic  p roperties as in  the case of Bochelle sa lt*  
Further, the ferroelectric®  of the th ird  group exh ib it the following gene­
r a l  p ro p e rtie s ; -
1. D ie le c tr ic  constants possess a  high value. At room temperature
from about 200 to  2000, and a t Curie poin t from about 5000 to
14-000.
2. High breakdown voltage, from b to  5 -MV/m and fo r some even to  
12 MY/m.
3* Mechanical streng th  nearly  as great as fo r porcelain .
4. A bility  to  w ithstand high ra te  o f charge of temperature from
about 1000’C.
5 . Their fe r ro e le c tr ic  p roperties do not change with frequency 
from 10 up to  100 MC/S.
6. They have le s s  complex crystallographic  s tru c tu re  than the fe r ro -
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e le c tr ic s  of the f i r s t  and second groups*
7. th e ir  fe r ro e le c tr ic  p ro p erties  can be a lte re d  in  many ways by the 
addition of o ther m aterials*
8. they can be machined accurately*
9. They are insoluble in  water*
Barium tita n a te  ceramic has the highest ind iv idual d ie le c tr ic  con­
s ta n t of a l l  the t i ta n a te s  with re la tiv e ly  low lo sses  and i t  i s  su itab le  
fo r  use over a wide temperature (20*C to  130*C) and frequency range (up 
to  100 MC/S). Further, i t  i s  a sen sitiv e  nonlinear d ie le c tr ic , namely, 
small changes in  f ie ld  streng th  are capable of causing large changes In 
i t s  d ie le c tr ic  constan t. I t  i s  a very important and fundamental charac­
t e r i s t i c  ©f d ie le c tr ic s ,  which find  application  in  nonlinear condensers, as 
the sen sitiv e  elements in  e le c t r ic a l  c irc u itry .
Lead zirconate (PbZrO^) a lso  possesses a high value of d ie le c tr ic
constant (tab le  1), but i t  i s  not a t  a l l  a f e r ro e le c tr ic . Shiran(107)^
f oq)
Sawaguchi and Takagi (1951) found th a t pure PbZrO^ ex h ib its  poor 
fe r ro e le c tr ic  p ro p ertie s , unless very high e le c tr ic  f ie ld s  are used, when 
the d ie le c tr ic  anomalies occur. They suggest th a t FbZrO^ may be a n t i -  
fe r ro e le c tr ic  below i t s  Curie p o in t. From Investiga tions ca rried  out by 
R o b e r ts ^ ,  i t  appears th a t lead  zirconate e x h ib its  le s s  d ie le c tr ic  non­
lin e a r  p roperties  than barium t i ta n a te ,  but i s  more s ta b le .
Lead tita n a te  i s  also  a fe r ro e le c tr ic  of the BaTiO^ type. I t s  
p e rm ittiv ity  in  the fe rro e le c tr ic  region i s  much sm aller th a t th a t o f
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barium tita n a te  (tab le  X). According to  study carried  out by Shirane 
and Takeda (1 9 5 1 )^ ^ * ^ ^  i t  i s  d i f f ic u l t  to  obtain  the hard sinter© ! ma­
tu res of FbTiO^ samples and ceramics obtained are very porous and fragile.*
The niobate and ta n ta la te  fe r ro e le c tr ic s  have added new members to  
the family of fe r ro e le c tr ic s . The primary d is tingu ish ing  ch a rac te ris tic , 
of the niobate and ta n ta la te  family of d ie le c tr ic s  i s  the fa c t th a t th e ir  
Curie po in ts are higher by a few hundred degrees C entigrate than th a t of 
barium ti ta n a te  (tab le  I ) .  Their power fac to rs  are high compared with 
the t i ta n a te s , but are r e la tiv e ly  uniform. Wainer and Wentworth ( 1 9 5 2 ) ^ ^  
have given the following date about n iobates and ta n ta la te s i -
The d-e leakage res istance  of niobate capacito rs i s  about one ten th  
th a t of the t i ta n a te s .  The voltage breakdown c h a ra c te r is tic  of the nio­
bates i s  s im ila r to  th a t of the t i ta n a te s .  The l i f e  of the niobates under 
continual s tre s s  i s  much sho rte r than th a t of the t i ta n a te s .  The niobium 
ion i s  diffused during f i r in g  somewhat more read ily  than titan ium . In 
add ition , the influence of the f ie ld  streng th  on the d ie le c tr ic  constant 
of niobates i s  much le s s  than on barium t i ta n a te .  Therefore, i t  does 
seem, th a t the niobates are worse nonlinear d ie le c tr ic s  than barium t i t a ­
nates, since the former are le s s  sen sitiv e  to  the e le c tr ic  f ie ld  change.
The potassium deriva tives are generally highly hydroscopic and are d i f f ic u l t
(120)to  handle fo r th is  reason • Tantalates ex h ib it s im ila r p roperties  
to  niobates, but the l a t t e r  v i t r i f y  more read ily  a t  lower temperatures
( 1 2 0 )than the ta n ta la te s ;  the tem peratures tending to  be re fra c to ry  .
Lithium ta n ta la te , LiT&O t^ and lith ium  niobate, LilbO^, have not been 
s a t is fa c to r i ly  investigated  and th e ir  fe r ro e le c tr ic  p ro p erties  are not well 
known. M atthias and Kemeika * carried  out an in v estig a tio n  with 
single c ry s ta ls  of LiT&O  ^ end LiKbO^, and reported , th a t the c ry s ta ls  of 
these compounds exh ib it strong ly  fe r ro e le c tr ic  p roperties a t  temperatures■j'
v above 200* C. Ceramic samples of these compounds gave hardly any e f fec t  
a t  a l l .  $o d e ta ils  have been published about the nonlinear p ro p erties  of 
these d ie le c tr ic s .
Tungsten tr io x id e , W y  has a lso  been investiga ted  a l i t t l e .  M atthias 
(63 523* has given a l i t t l e  information about th a t f e r ro e le c tr ic . The 
investiga tions of fiehl, Hay and W&hX^-^, and M a tth ia s^ 2  ^ lead  to  the 
suggestion th a t WO^  has a high tem perature, a n tife r ro e le c tr ic  s ta te  (740*C) 
and a low temperature, fe r ro e le c tr ic  form. Namely, M atthias has observed 
a h y ste res is  loop when a c ry s ta l of WO^  was placed in  an sac. e le c tr ic  
f ie ld  a t  a temperature of -196*0. According to  measurements carried  out 
by M atthias, the d ie le c tr ic  constant o f WO^  c ry s ta l  was between 100 and 
300 of l iq u id  a i r  tem perature. The e le c t r ic a l  conductivity of the WO^  
c ry s ta l i s  extremely high a t  room temperature.
^  H erroelee tries of the fourth  group,
At present the fourth  group of fe r ro e le c tr ic  substances contains 
only load m eta-niobate, P b lB bO ^, invented by Goodman (1955)(155>.
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According to  h is  in v estig a tio n , Fb(NbG^)g has the Curie po in t sh if te d  to  
a h i^ ie r  tem perature, s im ila r to  other niobates (tab le  I ) .  I t s  d issipa­
tio n  fac to r i s  higher than th a t of barium tita n a te  (tab le  I ) .  Other 
d e ta ils  of the d ie le c tr ic  p ro p e rtie s  of lead  meto-niobate are not reported* 
From the above short review of the fe rro e le c tr ic s  i t  i s  seen, th a t 
the fe rro e le c tr ic  which shows the most promise, a t  p resen t, fo r use as a 
nonlinear d ie le c tr ic  i s  barium t i ta n a te .  I t  should be noted, th a t  the 
so lid  so lu tion  of barium ti ta n a te  with strontium  ti ta n a te  ex h ib its  s t i l l  
b e tte r  nonlinear p ro p erties  than ind iv idual barium t i ta n a te .  Also the 
so lid  so lu tion  of lead zorccnate with barium zirconate e x h ib its  reasonable 
nonlinear p ro p e rtie s . This problem w ill be considered in  the next p a rt 
of th is  c h a p te rd .6 .) .
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l A .  Crystallographlc s tru c tu re .
Knowledge of the c ry s ta l s tru c tu re  of d ie le c tr ic  system and th e ir , 
evaluation rep resen ts a general too l fo r the p red ic tion  of d ie le c tr ic  p ro ­
p e r t ie s ,  The s tru c tu re  of a fe r ro e le c tr ic  i s  not e ssen tia ly  d iffe re n t 
from the s tru c tu re  of substances without anomalous e le c tr ic  p ro p e rtie s .
Any explanation of the fe rroe lec tric itijo f a given substance should s t a r t  by 
assuming a knowledge of i t s  crystaftogr&phic s tru c tu re .
The s tru c tu re  of barium t i ta n a te ,  BaTiO^, and i t s  temperature depen-
(27)dence was investigated  by Miss Megaw (19*1-6) f \  She has s ta te d , th a t 
BaTiO^ has a  cubic perovskite s tru c tu re  above the Curie p o in t. Below 
the Curie po in t i t  becomes te tragona l by a s tre tc h in g  of the l a t t i c e  in  
the d irec tion  of one of the cube edges, which becanes the so ca lled  c-ax is, 
re la tiv e  to  the two perpendicular edges, the a -  ax is . The a x ia l r a t io  
of the te tragonal s tru c tu re  f i r s t  r is e s  with temperature, showing a not 
very well e s tab lish ed  maximum near G*C, Above th is  temperature the ax ia l 
r a t io  f a l l s ,  f i r s t  slowly, and then more and more rap id ly  towards the 
tra n s itio n  p o in t, which i s  a t  or near the Curie p o in t. There i s  no d is -  
J continous volume change a t the Curie po in t but the co e ffic ien t of thermal
(27)expansion changes. Further, Miss Megaw (19**7) has found th a t the
cubic and te tragona l form co-ex ist over a range of a few degrees Centegrad e 
near the Curie point* Therefore, the tra n s it io n  temperature there i s
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approximat&ly a t the Curie po in t. This was confirmed by Harwood, Popper 
(29)and Bushman • Miss Megaw explains th is  phenomenon by the existence of
s tr e s s  and the d if fe re n t thermal expansion of the cubic and te tragonal
forms. In ©11 cases the changes of s tru c tu re  involved ©re very sm all.
Harwood, Popper and Bushman (19^7)^*^ have shown in  a given c ry s ta l th a t
c /a  changed discontinously from 1 to  1.005. In the te tragonal region
(12G*C to O’C), the ions are s lig h tly  sh if te d  towards le s s  symmetrical
(91)p o sitio n s . X-ray investiga tion  by Ivans and Horwart and Kanzing 
(1 9 5 0 )^ ^ , have shown th a t the displacement i s  Q.06A fo r titanium  ion 
and 0.08 -  Q.10A fo r the oxygen ions. These displacement should be compa­
red with the length  k.QOA of the edge of the c ry s ta l .
The id ea l perovskite s tru c tu re  with cubic symmetry has the general
formula ABO,, where A. ,S are m eta llic  ions of ion ic  r a d i i  R~> 1 .2  A and 
j
R ~ 0 .6  A resp ec tiv e ly . The B and A ions occupy the cen tres and corners 
of the u n it  c e l l  respec tive ly , while the  oxygen ions occupy the face centres, 
(F ig ,1 .1 .)  The important in te r io n ic  d istances are A -  0 and B -  0, equal 
to  Rr ♦ Ro and + Ro, resp ec tiv e ly . Where Ro i s  the rad ius of the  
oxygen ion . Ratios of ion ic  r a d i i  between various ions are geometric 
fac to rs  th a t determine the existence of a p a r tic u la r  c ry s ta l s tru c tu re .
These determining fac to rs  may be thrown in to  the form of tolerance equa­
tio n s which usually  involve the sum of the r a d i i  in the s tru c tu re  in the
various d irec tio n s . The tolerance fac to r for the perovskite s tru c tu re
(156)was f i r s t  developed by Goldsmidt and co-workers in  1925, refined  by
1 8
Barium T ita n iu m
TiQ.ll- THE, STRUCTURE OF THE UNIT CELL OF BaTiO
- 1 9 -
Z a c h a r is s e n ^ '^  and o th e r s ^  . The to lerance fac to r equation must be 
corrected fo r the co-ordination number, valency, and rad ius, since the 
inner ion ic  d istance w ill vary as the re s u lt  of each of these fa c to rs .
The tolerance fac to r equation fo r perovskite s tru c tu re , according to  
Goldschmidt’s work, i s  given as fo llow sj-
1.006(Ra + Ro) « 0.95 /ItCRg ♦ Ro)
where *-
"t -  tolerance fac to r .
From Goldschmidt’s work i t  follows, th a t a  fe r ro e le c tr ic  possessing per­
ovskite s tru c tu re , should have*-
a) the r a t io  approximately i  •0 or s l ig h tly  higher,
b) The to lerance fac to r approximately 1.05.
/Oq\
M atthias (1951) has generalized th a t f e r ro e le c tr ie i ty  occurs in 
ABOJcompounds when the cen tra l metal ion has the e lec tro n ic  configuration 
of a  noble gas and i s  separated from oxygens by the  same spacing as i s  a 
TiO^ Octahedron.
The te tragonal s tru c tu re  of barium tita n a te  i s  curious in  th a t the 
te tragonal d is to rtio n  of the perovskite la t t ic e  does not improve the f i t  
of the ions. I t  leaves a l l  Ti -  0 d istances too large  as compared with 
the sum of the ion ic  r a d i i ,  but d if fe re n t in  d iffe re n t d irec tio n s . Megaw 
(19 V?) attem pts to  explain th is  by assuming d irec ted  bonds, i . e .  a
small amount of covalent character superimposed on a mainly ion ic  se t of 
bonds. The Curie po in t then corresponds to  the breaking of the d irec ted
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bonds, 'a s ;the l a t t ic e  expands,
The stud ies carried  out by K a y ^ ^  and Khodes ( 1 9 ^ 7 ) Mat thias 
(25}and von Hippel (19^-8) * and Bl&ttner, Km sing and Marz (19^9) show
th a t belew the Curie temperature each fe r ro e le c tr ic  c ry s ta l breaks up in to
a  number of domains. These domains can be detected by o p tic a l or X-ray
( 25 }methods* M atthias and von Hippel (19*1-8) found* th a t these domains
can be changed in  th e ir  number, size  and o rien ta tion  by e le c tr ic  f ie ld ,
tem perature, pressure and preh isto ry  of the c ry s ta ls . The po lar character
(33)of the te tragonal s tru c tu re  was proved by Kay and Fhodes , The arrange­
ments of domains th a t a rise  in  sing le  c ry s ta ls  of barium tita n a te  in  the 
te tragonal phase have been studied in  d e ta il  by Forsbergh (1 9 ^ 9 )^ ^ *
cm )
According to  the  investigations carried  out by Marz, Drougard and 
(137;
Young, there are two types of domain w alls in  BaTiO^ -  those where the 
p o la riza tio n  d irec tion  changes by 90° and those where i t  changes by 180° ,
In the former, the s t r a in  caused by the m is f it  of the u n it  c e lls  a t  the 
wall i s  p la in ly  v is ib le  in  a  microscope; in  the l a t t e r ,  there i s  normally 
no s tra in  and w alls are not v is ib le  when s t r a in  i s  induced, usually  by the 
app lica tion  of an e le c t r ic a l  f ie ld  perpendicular to the w all. The app li­
cation of these re s u lts  observed with sing le  c ry s ta ls  to  an explanation 
of phenomena in  ceramic m ateria ls has not progressed very far* The domain 
s tu d ies  in  single c ry s ta ls  have been lim ited  to  f a i r ly  simple cases, and in  
a complex domain arrangement (as should occur in  ceramic) the in te rac tio n  
between d iffe ren t domains seems to  be extremely complicated.
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Studies ca rried  out by Kay, Yousden and Wellard (1 9 ^ 1 )^ ^  ©how th a t 
there  are fu rth e r tra n s it io n s  in  BaTiQ^ a t  -70*C and a t  near zero, but 
th e i r  e le c t r ic a l  sign ificance  i s  small compared with th a t a t  the 120*C 
tra n s it io n .
Another c ry s ta llin e  substance, lead t i ta n a te  ex h ib its  fe r ro e le c tr ic i ty  
s im ila r to  barium t i ta n a te .  According to  s tu d ies  carried  out by Megaw 
and Shiran©, Hoshino and Suzuki (1950), lead  t i ta n a te ,  PbfiO^, 
has te tragonal s tru c tu re  up to  the Curie po in t, and cubic s tru c tu re  of 
perovskite type above the Curie po in t.
The c ry s ta l o f lead z irconate , PbZrO^, i s  a lso  s im ila r to  th a t of 
barium t i ta n a te ,  according to  Megaw*s in v estig a tio n  . Namely, i t  i s  of 
cubic perovskite type above the Curie temperature, while i t  becomes s l ig h t­
ly  te tragonal below the tra n s it io n  p o in t. However, the te tra g o n a lity  
occurs, in  the opposite sense to  th a t of barium tita n a te  $ th a t  i s  c /a  *
O.988 in  lead  zirconate a t  25*C, while c /a  ® 1.010 in  barium t i ta n a te .
Lead zirconate i s  not a t  a l l  a fe r ro e le c tr ic . Suwaguchi, Shirane and 
Takagi (1951) ^ ^  cam© to  the conclusion th a t lead  zirconate may be an 
a n ti- fe r ro e le c tr ic  below i t s  tra n s itio n  tem perature. They found (1951) 
(102) very pure PbZrO^ shows n o d ie lec tric  h y ste res is  below the Curie 
p o in t, unless very high f ie ld s  are used, when the loop i s  anomalous. 
Therefore, they conclude th a t the m ateria l becomes fe r ro e le c tr ic  a t  high 
f ie ld  streng th s , explaining i t  on the assumption th a t there e x is t  s tru c tu re s  
with p a ra l le l  and a n tip a ra lle l  displacem ents, not d if fe r in g  much in  energy,
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and th a t the former can be adopted under the influence of an applied field# 
A n tip ara lle l displacements of Pb atoms in  the (010) plane have been recor­
ded by Saw&guehi, Maniwa and Heshino (1951) but the displacement o f Zr and 
0 have not been determined.
further*  Sawaguchi, Shirane and Takagi (1951) came to  the con­
clusion , th a t the appearance of fe r ro e le c tr ic i ty  in  lead  zirconate may be 
caused ch ie fly  by some im purities in  the sample# I t  i s  in te re s tin g  th a t 
a  fe r ro e le c tr ic  as well as an an ti fe r ro e le c tr ic  s ta te  may be rea liz ed  in  
one and the same m ateria l in  d if fe re n t temperature ranges and th a t the re ­
gions of th e ir  respective s ta b i l i ty  be se n s itiv e ly  e ffec ted  by the impuri­
t i e s .  . ■
(95). ftfatthias and Remaika reported  th a t the niobates and ta n ta la te s  of 
sodium and potassium, which are pseudo-isomorphous with BaTiCL, exh ib it . 
f e r ro e le c tr ic  p ro p e rtie s . An X-ray and o p tica l study ca rried  out by 
W ood^^V revealed a cubic perovskite s tru c tu re  of KNbO^  above the Curie 
po in t a t %35 *C, which transforms on cooling f i r s t  to  a  te tragonal s tru c ­
tu re  and th e n 'a t  225*0 to  an orthorhombic s tru c tu re . KNbO^  i s  the only 
one perovskite type of fe r ro e le c tr ic  which has been found to  show three 
tra n s itio n s  s im ila r to  those of BaTiO^. Further, KHbO^  e x h ib its 'la rg e r
l a t t i c e  d is to r tio n s  compared with tie corresponding tra n s it io n  in  B a T iO ^ ^ ”^ .
( 6.2)M atthias and Remeika (19^9) ~ have reported  th a t c ry s ta ls  of lith ium  
niobate, LiMbO ,^ and ta n ta le , LifaO^, exh ib it f e r ro e le c tr ic  properties*  
LiTaO^ and LiBbG^ have the ilem enite s tru c tu re , which i s  more complicated
than th a t of barium tita n a te  but sim pler than Rochelle s a l t  or potassium 
dihydrogen phosphate. These compounds are s t i l l  of the ABO- type.
M atthias (19^-9) grew sing le  c ry s ta ls  of tungsten t r io x id d ,•WO-
*?»
and found th a t these c ry s ta ls  show fe r ro e le c tr ic  behaviour. WO^ , c rysta ­
l l iz e s  in  a  somewhat d if fe re n t c ry s ta l s tru c tu re , which i s  a  pseu&omorph 
©f ReQ^. ib is  may be considered as being s im ila r to  a  perovskite s tru c ­
ture with the omission of the anion a t  the cubic corners of the u n it 
c e l l ^ ?~*^J>,<^ . WO^  a lso  belongs to  the ABQ^  type.
All fe r ro e le c tr ic s  of the th ird  group (tab le  I )  belong to  the type
formula ABQ^ , Therefore, in  most cases the re su lta n t fe r ro e le c tr ic  com-
(1551pounds were lim ited  to  the type ABO .^ In conclusion Goodman reported  
th a t  f e r ro e le c tr ic i ty  can occur in  a  compound o f the type A(BO^)g as well 
as in  ABO^  compounds. He has reported th a t lead  m eta-niobate, FbCNbO^l^ 
e x h ib its  fe r ro e le c tr ic  p ro p erties . The s tru c tu re  of PbCRbG^)^ i s  not the 
basic  perovskite arrangement; o f barium t i ta n a te ,  and i s  considerably more 
complex than the u n it c e l l  of the a lk a li  n iobates.
1 .5 . Temperature C h arac te ris tic s  of F e rro e le c tric s  a t very weak f ie ld s ,
. All fe r ro e le c tr ic  m ateria ls exh ib it ce rta in  p ro p erties  in  commons- 
As the temperature f a l l s  from a su ff ic ie n tly  high value the s t a t i c  d ie le c t­
r i c  : constant increases almost hyperbolicelly  and reaches a sharp peak a t
* (27)the highest tra n s it io n .. temperature* Miss Megaw has s ta te d  th a t a t
th is  c h a ra c te r is tic  temperature there i s  a change o f .c ry s ta l  form to  one
of lower symmetry. On the analogy of ferromagnetism th a t c h a ra c te r is tic
temperature was ca lled  the Curie temperature, and i t  i s  characterised
here by a sharp maximum of the p e rm ittiv ity  measured a t very weak d ie le c tr ic
(19 2*3 25 %9)f ie ld s .  Many s c ie n t is ts  • * * V , who have investiga ted  the proper­
t i e s  of fe r ro e le c tr ic  substances as a  function of temperature, agree th a t 
above the Curie temperature the d ie le c tr ic  constant may be accurately  re ­
presented by the Curie-W eiss. law, th a t i s  .
K* * A/ ( ?  -  To) + Ko.   (1 .1)
where
K* — re a l  p a rt of the d ie le c tr ic  constant 
Te -  Ihe Curie temperature 
*£ -  ac tual temperature 
A -  constant
!Co -  the d ie le c tr ic  constant4, constant fo r temperatures much 
higher than the Curie tem perature.
Roberts has shown th a t Eq. (1 .1 .)  fo r BaTiO^ gives a p e rfe c tly
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sa tis fa c to ry  in te rp re ta tio n  of the experimental data  fo r tem peratures 
above 150*C. For tem peratures nearer the Curie p o in t, there are s l ig h t  
deviations, which are not consistan t with th a t equation (1 .1 . )• Above 
the Curie temperature the fe r ro e le c tr ic  m ateria l behaves l ik e  a  re la tiv e ly  
normal d ie le c tr ic  of high d ie le c tr ic  constant*
Below the Curie point fe r ro e le c tr ic s  (except Rochelle s a l t ,  which 
has two Curie po in ts , see tab le  1*) ex h ib it a h y ste res is  loop between 
e le c tr ic  f ie ld  s treng th  and p o la risa tio n , in d ica tin g  the existence of a 
sa tu ra tio n  po larisa tion*  A ll the workers have a lso  observed p iezo e lec tric  
e f fe c ts  in  th is  range of temperature when the sample was po larized .
Below the Curie temperature (in  the case Rochelle s a l t  between the 
Curie po in ts) p o lariza tio n  occurs even when the applied f ie ld  i s  in f in i te ly  
sm all. Ib is  temperature region where the spontaneous p o la riza tio n  occurs
was named the fe r ro e le c tr ic  range c f  tem perature.
(3y  (49,72,118) { 5
From measurements earried  out by Donley , von Hippel, Roberts
and o t h e r s ^ * ^ ^ ,  i t  appears that a t  temperatures only s l ig h tly  higher 
than the Curie temperature, the h y s te re s is  loop disappears, f la tte n in g  out 
to  a sing le  curve, which s t i l l  shows some evidence of d ie le c tr ic  sa tu ra­
tio n  in  the curvature a t high f ie ld s . At s t i l l  higher temperatures the 
d ie le c tr ic  constant i s  lower and the c h a ra c te r is tic  i s  p e rfe c tly  l in e a r  
as in  an ordinary d ie le c tr ic .  The usefu l range of th is  n o n -lin earity  of 
the p o la riza tio n  extends to  about hO*Q above the Curie temperature fo r
(La op)
TmTlQy according to  measurements made by w  Hippel • I t  i s
esp ec ia lly  important sine# tbs accompanying d ie le c tr ic  lo sse s  are touch 
sm aller above than below the Curie tem perature.
v According to  measurements ca rried  out by von H ip p e l^ *  M atthias 
{£8,8S\  Sa F-retteviXl«{l8) and o ther3(9 ,1 0 ,ia *85,U 55, tba d ie le c tr ic  lo s s  
t w e m t  o f W IW j .cerBBic reac tes  a  » • *  o f about Q.C& * «  the second 
tra n s it io n  tem perature, th e n 'i t  decreases reaching a  value o f about 0 .02 
a t  roan tem perature, fu r th e r , the curve temperature -  lo s s  tangent r i s e s  
s l ig h tly , reaching the second peak o f about 0.018 near the Curie tempera- 
t a r t ,  efaieh i s  le s s  se rious than the f i r s t  cm* Above the Cards tempera­
tu re  the lo ss  tangent f a l l s  to  the re la tiv e ly  low value o f about 0 . 01* but 
r i s e s  again a t  tem peratures above 140*0* owing to  the increasing  e le c t r ic a l  
conductiv ity  o f the m aterial*
fb i  lo ss  tangents o f the o ther fe r ro e le c tr ic s  such as  PbTXOy PbZrGy 
Ma?!h0^ and Fb(SbO^)^ reach very sharp peaks Just below the gurie  po in t 
and above th a t  temperature they decrease rap id ly . The temperature co-
A(£/c \
e f f ic ie n t  o f permittivity*£>U - ■—!—? I s  very dependent on temperature fo ra I
a l l  the fe r ro e le c tr ic s  investiga ted  a t  present* The temperature co­
e f f ic ie n t  i s  p o sitiv e  below the Curie temperature and negative above 
i t*
1 .6. Behaviour of F e rro e le c tric  M aterials under e le c t r ic  f ie ld  s tren g th .
The e ffe c t of e le c t r ic  f ie ld  on fe r ro e le c tr ic  m ateria ls  may be
considered in  two p a r ts s -
i )  Behaviour of fe r ro e le c tr ic s  a t  low f ie ld
i i )  Behaviour of fe r ro e le c tr ic s  a t  high f ie ld .
The f i r s t  poin t ( i )  was, in  the main, considered in  the 1,5*
Regarding poin t ( i i ) ,  ?ful (1945), and von Hippel and h is  co llabo ra to rs
(1946) ^ ^  found d ie le c tr ic  h y ste resis  below the Ciirie temperature when
a considerable value of e le c tr ic  f ie ld  streng th  was applied  to  a  sample
of barium t i ta n a te .  Wul and Goldman ( 1 9 4 5 ) von Hippel (1946)
Cl8)and Be B re tte v ille  (1946) observed the d ie le c tr ic  h y s te res is  fo r 
BaTiO^ sample, p lo tt in g  the e le c tr ic  displacement D (e le c tr ic  flux  
density) o r p o la riza tio n  P against the applied f ie ld  E on a  cathode-ray 
oscillograph by means of ce rta in  simple c ir c u i t  a rran g em en ts^ ^ . The 
-  E" (o r HP -  E”) h y ste resis  loop shows th a t the d ie le c tr ic  p ro p erties  
of barium tita n a te  are strongly  f ie ld  -  dependent below the Curie tern- . 
perature. From la ter  investigations carried out by von Hippel (19^6)^  
Roberts (19^ 7)^ ^  and Donley (1 9 ^ ? )^ , i t  appears that f ie ld  -  depen- 
dence for BaTiO- a lso  occurs a t  tem peratures somewhat above the Curie 
p o in t. According to  von Hippel*s in v es tig a tio n , the u sefu l range of 
th is  non linearity  extends to  about 4o*C above the Curie temperature fo r
-as-
BaTiOj Ba»|)X®a.
2tt f i g . l . t .  i s  given the graph o f a typ ical dialed tr ie  hysteresis  
loop* -at temperature much lower than the Curie temperature.
cm.
CL.
25
KV,
E lcctr  S tress
\
Fig. 1.2a Craph o f typ ical d ie lec tr ic  hysteresis loop* mhm an
ac. voltage i s  applied to a ferroelectric  capacitor.
The fact that the d ie lec tr ic  constants o f ferroelectric  substances 
depend m  the f ie ld  strength necessitates a .cartfu l d efin ition  o f  
d ie lec tr ic  constant, follow ing Cady^*^ the norma! or to ta l d ie lec tr ic
o rl o c u s  of  t r
h u sir era- s is
Fig. 1.2b Diagram of e le c t r ic a l  displacement against f ie ld
streng th  fo r  a fe r ro e le c tr ic  m ateria l, i l lu s t r a t in g  the various 
d ie le c tr ic  constants.
constant, Ip^ is defined as the r a t io  of the to ta l  e le c t r ic  displacement 
0 to  the to ta l  applied f ie ld  streng th  Ef where D v a rie s  over the hystere­
s i s  cycle (see Fig. 1 .2 b .) : -
fh * jTj' *»*•••**•*•••«•••*.  (1.3*)
The d if fe re n t ia l  d ie le c tr ic  constant, Kd, i s  defined as the slope of the 
h y ste resis  curve (”0 -  Eft) a t  any po in t (see f ig .  1 .2 b .) : -
> “ §   ................. . . . . . . .  ( I .* .)
I t  becomes the i n i t i a l  d ie le c tr ic  constant, Ko, fo r E *10 or E very 
sm all. Therefore, the slope a t  zero voltage of such h y ste res is  lo o p :-  
Kq * j^ d e ]  E * 0 * tan<^ C (1*3*)
■30-
i s  a measure of the i n i t i a l  d ie le c tr ic  constant of a  fe r ro e le c tr ic  
under the condition chosen.
fJhen a small ac f ie ld  i s  applied  on top of a r e la tiv e ly  la rg e  dc 
b iasing  f ie ld ,  then the r a t io  of the incremental displacement ( a d )  
and the incremental f ie ld  s treng th  (A I )  i s  defined as the incremental 
d ie le c tr ic  constant A K (see Fig. 1 .2 b .) .
F ir s t ,  Roberts (19**7) made measurements of the rev ersib le  d i­
e le c tr ic  constant fo r  BaTiQ^, when a small a-c  s ig n a l was superimposed
Cl)upon a d-c b ias , while the measurements made by Wul (19^5) and Goldman ,
and Donley ( 1 9 ^ 7 ) ^  u t i l iz e d  only a high a-c f ie ld .  The l a t t e r ,  
there fo re , rep resen ts an e ffe c tiv e  or in te g ra l value of d ie le c tr ic  con­
s ta n t.
f-Z\
According to  measurements made by Donley ■ ,  Roberts , von 
Hippel(^9,52) ^  appears th a t the d ie le c tr ic  con*
stan t fo r the fe r ro e le c tr ic  m ateria ls  investiga ted  (as BaTiO^
BaTiCL + Sr’TiO-, PbZrO, + BaSrO_, BaTiCL + PbSnO,), increased as the P P P P p p
i n i t i a l  ac. applied  voltage i s  increased, and then decreasing as the 
voltage gradient i s  fu rth er increased. The i n i t i a l  increase of the 
e le c tr ic  desplacement (or d ie le c tr ic  constant) corresponds to  the over­
coming of the coercive force, the f in a l  decrease to  sa tu ra tio n . This 
i n i t i a l  increase i s  normally more pronounced with a lte rn a tin g  than with 
d ire c t voltage.
The position  of the maximum d ie le c tr ic  constant i s  decidedly voltage
sen sitiv e  in  addition to  being; temperature se n s itiv e  (1.6 .)♦ Ac cor­
ding to  Be B re ite y iH t tls@ equation fo r  the re la tio n sh ip  between
the temperature of the maximum pmk fo r the d ie le c tr ic  constant . ,
and t ie  observed f ie ld  strength* 1 , appears to  he o f the form
e -  to  e '* b~r&",‘P . .......... . c i . 6 .)
where b and Bo are constants. '
E ffect of d -e> ..,fie ld .atreB iths. ■ According to  measurements ca rried  out 
by D o n le y ^ , and von H i p p e l t h e  e f fe c t  o f a  b iasing  f i e ld  i s  
to  s h i f t  the tra n s itio n  point toward lower tem peratures fo r a  B&fiO^ 
sample.
fu r th e r , D o n le y ^  has reported , th a t  the e f fe c t  o f d -c b ias  i s  a
maximum when the d ie le c tr ic  constant i s  a maoism®, namely sear the Curie
p o in t, and rap id ly  decreases in  e f f e c t  a t temperatures above and below
' (%0 52)the Curl# tem perature. Moreover, Donley'*", and von H ippel' ■**' 
pointed  ou t, (hat' the e ffe c t o f  d -c f ie ld  i s  to  lo se r  the incremental 
p e rm ittiv ity  ( fo r  BaTiO^ and BafiO^ SrfiO^ a p p le s ) . '
. Sawaguchi, Shirance end Sfekagi (1 9 ^ 2 )^ ^  have reported , th a t the 
p e rm ittiv ity  fo r m PbZr&j sample decreases considerably above 200*0 , ' 
when d-o f ie ld  was applied , while below 200*0 the b ias made the perm it- ■ 
t iv i t y  increase s l ig h tly .  HhSjt tendency i s  ju s t  contrary  to  the ease • 
o f BaTiO^. .. Th* authors have observed, th a t the upper t r a n s i t  la s  po in t 
s h i f t s  to  the higher temperature side  a t  a ra te  of about O.GC09*c/biaa -  
v o lt with Increasing  volt-bia® , while the lower tra n s it io n  po in t moves ‘ 
downward with a  ra te  of about O.OO07*Vbias -  v o lt .  Hence the && 4
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b ias does s ta b il iz e  the corresponding fe r ro e le c tr ic  s ta te  between the
two tra n s it io n  po in ts fo r FbSrQ^*
fio )Roberts (19^7) has pointed out th a t there i s  a re la t iv e ly  simple 
re la tio n  between the d if fe re n t ia l  d ie le c tr ic  constant and d -  c b iasing  
f ie ld  streng th  a t  temperatures above the Curie p o in t. This re la tio n  
can be in te rp re ted  by p o stu la tin g  a  simple equation between the e le c tr ic  
f ie ld  streng th , E, and the e le c tr ic  displacement (flux  density) D# 
namely:*
E * °tD  * $> T ? ...................  (1 .7 .)
where:- '
■=£ and J  are parameters which depend on temperature only.
The author gives the formulae fo r the ca lcu la tion  of and .
From the c h a ra c te r is tic s  of the d i f fe re n t ia l  d ie le c tr ic  constant 
against d -  c f ie ld , fo r various fe r ro e le c tr ic  substances, ca rried  out 
by Roberts {19\  von Hippel(lf9,52} and Coffen(11,X60\  i t  follow s, th a t 
the systems**
(BeO SrOjHOj and (PbO + BaOjZrO^ 
exh ib it the la rg e s t  possible  value of the r a t i o : -
<S i/m**
( j  W)lM
where
i
max. -  the maximum possible  value of the d if fe re n t ia l  d ie le c tr ic  
constant, as a  function of d -  c f ie ld ,  a t  constant tem­
pera tu re .
rf^covist!
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f 1
v  mill» -  the minimum possib le  value of the d if fe re n t ia l  d ie le c tr ic  
constant as a  function of d -  c f ie ld ,  a t constant tempera­
tu re .
These compounds ex h ib it the most e ffec tiv e  non-linear d ie le c tr ic  pro­
perty  among the fe r ro e le c tr ic  substances investiga ted  a t  p resen t. In 
tab le  2 . i s  given the maximum possible value of the r a t io  H fo r a few 
fe r ro e le c tr ic  compounds, according to  measurements ca rried  out by the 
workers mentioned above. 
lo ss  Tangent.
The c h a ra c te r is tic s  of th e fflo ss  tangent -  temperature” obtained by 
(49 52)yon Hippel ’ fo r BaTiO samples, demonstrate th a t the lo s s  tangent
3
increases with f ie ld  s treng th . Be B re tte v ille ^ * ^  rep o rts  th a t the 
lo ss  tangent fo r  a BaTiO^ sample apparently increases in  a  l in e a r  manner 
with f ie ld  s treng th .
The peak of lo ss  tangent occurs a t  a lower temperature than the 
peak of d ie le c tr ic  constant fo r BaTiO^ samples. The distance between 
these peaks in  the temperature scale  i s  la rg e r a t  high f ie )  ds than a t
(kg no)
low ones, according to  von Hippel*s measurements. Moreover,
a  more rap id  r is e  in  lo ss  tangent occurs a t  lower tem peratures under 
hi$x f ie ld  than under a  lower one.
ffable No.2. Ration of i  ^ QQnQ^  fo r various
fe rro e le c tr ic  substances.
Sample ^ mex/ £ t o
Measured a t
He fere.neeEm&x
MV/m
Ifemp.
*C
Freq.
KC/s
BaliO* i .T / i if 33*5 bOO Author
B 6% BafiO^ + 
l k %  PbSnOj 2/ l 2 ,■ 25 1000 11;160
75% BaTiO- + 
?
25% SrTiQj
5 /1
2.5 25 10CX) Author
65% PbZrQ^ * ;; 
3%  BaZrOj ' j 6/ l
if 25 | 1000 9
Smax -  i s  the value of f ie ld  strength for <S min.
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1 .7 . Spontaneous P o la riza tion .
Spontaneous p o la riza tio n , Ps, i s  defined th e o re tic a lly  as the ;
re su lta n t dipole moment per u n it volume in  the d irec tio n  in  which i t
i s  a maximum. Whatever, the nature of the ind iv idual d ipo les, they
must have components in  th a t d irec tio n  which do not cancel out.
The experimental d e fin itio n  o f spontaneous p o la riza tio n , Ps, i s
based on the occurrence of d ie le c tr ic  h y s te res is  loops in  fe r ro e le c tr ic
m ateria ls , which occur fo r the p o ly cry s ta llin e  phase as well as fo r the
simple c ry s ta l (according to  H ip p e l^ ^ ’^ ^ ,  Hulm, R o b e r ts ^ ^  and
M atthias*25’77*89*).
There i s  only a lim ited  amount of evidence on the spontaneous pola$
riza tion*  A f ie ld  which i s  strong enough to  o rien ta te  a l l  the domains
in  the same d irec tio n  w ill produce considerable induced p o la riza tio n
since the domains are themselves highly po larizab le  (H u lm ^^ , M atthias, 
(49 52)*von Bipper * / ) .  I t  i s  d i f f ic u l t ,  therefo re , to  separate the
spontaneous from the induced p o la riza tio n .
In the fe r ro e le c tr ic  region the p o la riza tio n , P, i s  a  function of 
the temperature and the applied f ie ld  strength* Hulm (194?)^*^ has 
given the to ta l  p o la riza tio n  fo r  large f ie ld s  as a function of tempera­
tu re  fo r a BaTiO^ sample. As the temperature f a l l s  i t  r i s e s  ra th e r 
rap id ly  in  the neighbourhood of the  Curie po in t and then increases 
slowly* Above 1>Q*C the p o la r iz a tio n -f ie ld  re la tio n  becomes almost
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l in e a r , through corresponding to  a  very high p e rm ittiv ity  which f a l l s  
o ff  according to  the Curie -  Weiss law*
Hulm found the value of the maximum spontaneous p o la risa tio n ,
Ps •  5*3 x 10*^ ^/cm ^  a t  2 M/m fo r  a  p o ly cry sta llin e  sample of
(£p y
BaTiO^. M atthias and Hemeica found the value of the maximum spon­
taneous p o la risa tio n  Ps « 23 x icT^ a t  2 M/m fo r LiNbO^ crysta ls*
(1*5}This value i s  nearly  twice th a t  of the BaTiO^ c ry s ta ls . Namely, Hulm
(5k)
and Meras found the value of maximum spontaneous p o la risa tio n  Ps «
15 X l< f6 a t 2.5 MV/cm  ^ fo r BaTiO- c ry s ta ls .  Namura and
(g l) -
Sawada have reported th a t the spontaneous p o la riza tio n  of a  simple 
c ry s ta l of PbTiO^ i s  very la rg e , namely 90 ^  ICO x 10*^ ^Vcm2* They 
pointed out a lso  th a t the spontaneous p o la riza tio n  of a  PbTiO^ sample
increases with lead content, but the increase o f coercive f ie ld  i s  more
Cl'S) (4-9 52")conspicuous. According to  Hulm’s ■ and von Hippel1 s v /  measure­
ments the behaviour of the spontaneous p o la riza tio n  a t  the two lower 
tra n s itio n s  of BaTiO^ i s  characterized  by sudden drops. This was con­
firmed by Merz (1$& 9)^^  •
At p resen t, the quan tita tive  theory of the e le c tr ic  p o la riza tio n  
of fe r ro e le c tr ic s  i s  in  i t s  i n i t i a l  stage* A number of explanations 
have been suggested to  explain  the d ie le c tr ic  p o la riza tio n  in  fe rro ­
e le c tr ic  m ateria ls but the th eo ries  so fa r  availab le  do not allow a 
c le a r ^udgnent.
In c ry s ta ls  spontaneous p o la risa tio n  may occur as a r e s u l t  of the
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in te rac tio n  between the charges, fo r instance dipole in te ra c tio n .
Since the spontaneous p o lariza tio n  i s  counteracted by the thermal f lu c ­
tu a tio n s , i t  m i#it be expected to  occur only ra re ly  a t  ordinary tempera­
tu re s . On the o ther hand, a t lower tem peratures the p a r t ic le s  in  the 
c ry s ta l generally do not possess the ro ta tio n a l or v ib ra tio n a l freedoni 
required to  reach the s ta te  of spontaneous p o la riza tio n . Thus i t  i s  
comprehensible th a t ohly in  very sp ec ia l cases i s  spontaneous p o lariza ­
tio n  found and th a t the phenomenon i s ,  to  a  large  ex ten t ’’s tru c tu re  
se n s itiv e ”.
At very low f ie ld  streng th s, the p o la riza tio n  i s  la rg e ly  rev e rsib le  
and nearly  l in e a r  with the applied f i e ld .  At higher f ie ld s , the pola­
r iz a tio n  increases out of proportion to  the applied f ie ld .  This seems 
to  b@ due to  the sw itching of the fe r ro e le c tr ic  domains (the  changing 
of the d irec tion  of p o lariza tion  in  the c ry s ta l domains by 90* or ISO*, 
see section  1 .4 .) .  At the very h i^ ie s t  f ie ld  s tr e s s ,  the increase of 
p o la riza tio n  fo r a given increase of f ie ld  i s  much le s s  again . This 
s ta te  corresponds to  sa tu ra tio n  of the p o la riza tio n . The sa tu ra tio n  
region presumably corresponds to  complete o rien ta tio n  of the fe rro e le c t­
r i c  domains in  the f ie ld  d irec tio n  
(13)Hulm pointed out, on barium t ita n a te  c ry s ta ls , th a t fo r  suf­
f ic ie n t ly  strong  f ie ld s , the p o lariza tio n  becomes a  l in e a r  function of 
f ie ld  s tr e s s .  Therefore, spontaneous p o la riza tio n  can be obtained by . 
l in e a r ly  ex trapo la ting  the sa tu ra tio n  l in e  a t  high f ie ld s  back to  the
zero f ie ld  ©tress (E « 0) ax is . : th is  i s  shown in  F ig. 1.5* Hence, 
the spontaneous p o lariza tio n  can be determined as the sa tu ra tio n  pola­
r iz a tio n  a t  zero f i e l d . " ’ ;''
When the e le c tr ic a l  s tre s s  i s  decreased to  zero, the p o la riza tio n  
does not go to  zero, but remains a t  a  f in i te  value known as the remanent 
p o la riza tio n  Pr (F ig . 1*3*)* I t  seems to  be due to  the domains which 
were switched over an energy b a rr ie r  by the e le c t r ic a l  f ie ld  and which 
cannot re tu rn  to  th e ir  o rig in a l s ta te  without the input of energy by an 
oppositely  d irec ted  field*
The s tre s s  of e le c t r ic a l  f ie ld  needed to  re tu rn  the p o la riza tio n  to  
zero I s  named the coercive f ie ld  Eg (Fig. 1*?)*
Fig. 1*3. P ie le c tr ic  h y ste res is  loop fo r  BaTiO^ according to  Hulm. 
Ps -  the spontaneous p o la riza tio n ; Pr -  the remanent p o la riza tio n ;
Ec -  the coercive f ie ld ;  Pmax -  the maximum value of p o la riza tio n .
At low tem peratures, the h y s te re s is  loops of barium titanat®  be­
come sm aller and the coercive f ie ld  becomes g rea te r. Both e f fe c ts  ai?e 
a ttr ib u te d  to  the '’freezing  in H of the domain configuration . Pm&x, Pr 
and Ps ex h ib it a  maximum value a t  the tra n s it io n  tem peraturl, while the 
coercive f ie ld  Ec apparently drops s te a d ily  and disappears a t  about the 
Curie p o in t(^9*125)#
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1 .8 . Specific  Heat .Anomaly in  F e r ro e le c tr ic ^  ■' '
W al'(19^6) » and'Herwood* Popper and Rushman (1 9 ^ ? )^ ^  invest!-*
g a t^ g  EaTiO-, p roperties  found th a t there  i s  a  hump in  the “sp e c if ic  
....■ heat -  temperature” carve, Cp * f  (T), in  the neighbourhood of the Curie 
temperature. Further, B la ttn sr and Mars (1 9 ^ 9 )^ ^ ^  found fo r  BaTiO^ 
a  hump in  the neighbourhood of both 120*0 and 5*0. The curve of Cp * f  (T) 
i s  given in  Fig# !*%• according to Mars*s measurements. A fter in te ­
g ra tin g  the measured valued of Cp, E ta ttn e r obtained the to ta l  add itional
*
heat
Q •  fcp  a T « 0 . 2  CalW »  *f?CalA o l  ( 1 . 8 .)
The add itional heat has been measured by a few in v estig a to rs  and th e ir  
experimental re s u lts  (in  the neighbourhood of the Curie tem perature) are 
tabulated  below.
0- Id
o. 15
0.13
no105 115 120 125
Fig. l.*r. Specific Heat as a  Function of temperature (by Merz)•
« J * Q ~
Table 3 -
. Q = / k d T
cell Investigator;' -
Substance Cal/W u.
BaTiOj 14 ' 0.0$ K , ,  * a < »
k? 0.0X1 s
"1 9 ■ 0.02 x Harwood, Popper and 
Bushman (29). ■
46.8 V'olger*1^
K -  ieBoltsysiatm’s Constant•
The integral \1 .8 .) determines the difference in  entropy 
associated with the vanishing of t>olarization, through the re la tio n :-
rc
a 5  = A c d TT
As is  seen from the above 'list, the change in entropy i s  extremely mail* 
Assuming that the Lorents* factor i s  a constant, then according 
to a calculation carried out by M u e lle r ^ ^  the r ise  of the specific 
heat anomaly is
A f  -  ‘ a  P 1
A C f -  A - J t
w h e r e ^  -  i s  the Lorentz factor ■
. P -  polarisation 
T -  temperature.
The second characteristic feature of the specific heat anomaly i s
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the value of the sudden drop in  sp ec ific  heat a t  the tra n s it io n  po in t 
(A €p)m as i s  seen in  Fig. 1*4. From the published data*, the follow ing 
values were estim ated*-
Table 4 . ' ' '
Sample (A Cp)a Investiga to r
^ ^ d e g .g .
BaTiO- 0*002 w„i<3S5
0.02 B la ttn er, Ketz11S2)
0 .002$ Harwood, Popper and Bushman ''
: 0.01 Sawada, Shirans
o.o Volgsr(l64)
As i s  seen the values of Q and (A Cp)m d if f e r  from each o ther, 
depending on the in v es tig a to r. I t  may be emphasized, howe\*er, th a t 
these measurements are very d i f f ic u l t ,  since the add itional sp e c ific  
heat i s  only a small frac tio n  of the normal sp ec ific  hea t; i t  i s  there­
fore not easy to  separate the two.
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1*9* F e rro e le c tric s  a t  High Frequencies.
The decrease of the maximum value of the d ie le c tr ic  constant as 
the frequency i s  increased i s  a general ch arac te ris tic*  Von B i p p e l ^ * ^  
pointed out th a t the p e rm ittiv ity  of barium tita n a te  i s  almost indepen­
dent of frequency up to  10 MC/sec* Bunting, Shelton and Creamer ( 1 9 ^ 7 ) ^  
have reported  th a t the d ie le c tr ic  constant of a barium -  strontium  
sample was not a ffec ted  by v a ria tio n  in  frequency w ithin the range of 
30 to  20 MC/sec* They assume th a t the s l ig h t  d ifferences in  observed 
values of the d ie le c tr ic  constant are believed to  be within experimental 
error*  The in v es tig a to rs  have observed a g rea ter d ifference in  the 
values of Q than of the d ie le c tr ic  constant a t a  frequency of 3000 MC/sec 
compared with th e i r  respective  values found a t  a  frequency of 1 MC/sec.
The n o n -lin earity  of barium tita n a te  has been observed by Roberts 
(19^7) a t  10 MC/sec with only a few per cent drop in  the maximum
of d ie le c tr ic  constant a t  1 MC/sec* Further, according to  the measure­
ments made by the same in v es tig a to r, the drop in  the i n i t i a l  d ie le c tr ic  
constant i s  in  general more rap id  fo r audio than fo r rad io  frequencies*
Donley (1 9 * f7 )^ ^  has shown th a t the peak of the d ie le e tr ie  con­
s ta n t -  f ie ld  streng th  curve i s  sh if ted  to  lower f ie ld  streng th  when the 
frequency i s  raised* The area  of the dynamic h y ste resis  loop decreases 
a t  higher frequencies.
P o w le s^ ^  and Jackson (19^8, 194-9)^^  studied  the behaviour of
barium t i ta n a te  and i t s  so lid  so lu tion  with strontium  t i ta n a te  a t  
frequencies of 1 ,5  MC/secM 94-50 MC/sec. , and 24-000 MC/sec. They found 
th a t barium t ita n a te  a t  room temperature shows a  considerable f a l l  in  
p e rm ittiv ity  a t  the higher frequencies and a large  increase in  the lo ss  
tangent, compared with i t s  behaviour a t  1 .5 . MC/sec. At a  frequency of 
9,54-0 MC/sec the d ie le c tr ic  constant of barium tita n a te  decreases to  
20 p er cent and a t  2,4-00 MC/sec. to  about 8 per cent of th a t value which 
i t  e x h ib its  a t  1 .5  MC/sec. The lo s s  tangent of barium tita n a te  in  -  
creases 35 times a t  9,4-50 MC/sec and 39 times a t  24-00 MC/sec against the 
Value which i t  e x h ib its  a t  1 ,5  MC/sec.
Further, the in v es tig a to rs  found th a t fo r barium t ita n a te  per­
centages up to  about 60 in  the so lid  so lu tion , BaTiO^ + BrTiOy the 
p e rm ittiv ity  of th a t compound has the same value a t  both frequencies 
1 .5  and 9,4-50 MC/sec. For the so lid  so lu tion  containing more than 60 
per cent of barium t i ta n a te  a t  the l a t t e r  frequency, the p e rm ittiv ity  
decreases and lo ss  tangent rap id ly  r i s e s .  Subsequently, Powles and 
Jackson pointed out th a t a  peak in  the p e rm ittiv ity  -  temperature curve 
occurs up to  frequency 9,4-50 MC/sec. a t  temperatures close to  th a t a t 
which the peak occurs a t  comparatively low frequency. I t  i s  evident 
th a t crysta llog raph ic  tra n s it io n  i s  independent of frequency up to  
9,4-50 MC/sec. The same authors have shown th a t the lo ss  tangent ©f
BaTiO« decreases with temperature a t  h ig ie r  frequency (9,4-50 MC/sec.)
3
from a value of 0.7 a t  O'C, ex h ib itin g  a peak of about 0.4- in  the
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v ic in i ty  of the Curie tem perature. Above' the Curie po in t the lo ss
tangent drops o ff  w ry  sharply , > and i t  reaches a  value of about 0,08 a t
above. 160*0 , 'Thus, i t  appears, th a t BaTiO^ i s  e s se n tia lly  a  sm all lo s s
m ateria l above the Curie p o in t even a t  high frequency,
(1665Loss tangent measurements made by Eho&akov ■ * on BaTiO^'samples, 
show th a t  the  lo ss  tangent does not change appreciably with frequency ' 
from 10 to  200 MC/sec* in  the temperature range from 15 to  180*0, ■ I t
does decrease with r is in g  tem perature.
(k%\ (785 (2 105From, measurements ca rried  out by Kesh * Mason , Boberts * »
von H ip p e l^ ^ ’^  and Fowls a / ^  and J a e k s o u ^ ^ , i t  appears, th a t  a
re lax a tio n  frequency fo r  barium t i ta n a te  a t  room temperature i s  ©f the
order of 10,000 MC/sec. This re lax a tio n  phenomenon has been a ttr ib u te d
by K itte l  to  resonance in  the domain wall motion. But the more recen t
4 ework by L i t t le  in d ica te s  th a t domain motions damp out a t  .about 10 / s .
The frequency a t  which the d ie le c tr ic  anomaly under consideration 
disappears e n tire ly  fo r  fe r ro e le c tr ic  m ateria ls  i s  not known a t  p resen t.
1.10. The Influence of H ydrostatic Pressure.
Wul and Vereszczgin have investiga ted  the re la tio n sh ip  between 
the d ie le c tr ic  constant and hydrosta tic  pressure fo r barium tita n a te  
samples. They have s ta te d , th a t  the d ie le c tr ic  constant i s  increased 
as the pressure i s  increased . \
Marz (1950) ^ ^ ^  investiga ted  the influence of hydrosta tic  pressure 
on the Curie temperature ©f barium t i ta n a te  single c ry s ta ls , up to  pre­
ssu res of 9000 atm. He found, th a t with increasing  pressure the Curie
dTpoint i s  sh if te d  toward lower tem peratures, with a slope /d p  ©f 
5 .8  x 10'-3 aegree/atm> At higher values of pressure the r e s u l ts  be­
come more involved since they are dependent on the temperature a t  which 
the pressure i s  applied and on the value from which the pressure i s  
increased or decreased.
(126)Also, Dungan, Kane and Birckford (1952) have reported , th a t  
when hyd rosta tic  pressure i s  applied to  a barium t i ta n a te  sample, the 
Curie temperature i s  found to  decrease, due to  decreasing the l a t t i c e  
constan t. Namely, from the measurements made by Merz, can be found the 
dependence of Curie temperature on the l a t t i c e  constant M&!| in  the 
follow ing forms-
dfc » 3 .3  x 103 deg A0"1 ..........   (1 . 9 .)
da
But, the l a t t i c e  constant may a lso  be varied  without change of pressure 
by rep lacing  a frac tion  of the Ba ions with Sr ions. Rushana and
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fog}
S triv em  found th a t both the Curie temperature and the l a t t i c e  con­
s ta n t decrease l in e a r i ly  with the frac tio n  of Sr ions p resen t, a t  a  
re la tiv e  ra te  , /
^ § J *  2 .8 X 105 deg. A9”1 ....... .................. .. ( l . i o . )
Hence, the value (1 ,10 .) i s  in  very close agreement with the former (1*9*)* 
th e re fo re , i t  i s  apparent, th a t the Curie temperature depends to  enlarge 
ex ten t only on the l a t t ic e  s iz e , and not on the combiration of pressure 
and a lk a lin e  e a rth  ion ic  r a d i i  th a t produce th a t l a t t i c e  size*
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I♦IX. Solid  Solutions of F e rro e lee tric s  with A dditives. ..
Solid  so lu tions are ju s t  what th e ir  name im plies -  they are so lid  
( i . e .  C ry s ta llin e ) , and they are solutions# In a  true  liq u id  so lu tion  
the atoms, or molecules are atom ically or m olecularly dispersed in  the 
so lven t, and in  a so lid  so lu tion  the atoms are likew ise dispersed atomi­
c a lly  throughout the so lvent. A so lid  so lu tion  may contain two or more 
components, ju s t  as one or several substances may be dissolved in  a  
liqu id#  As in  the case of l iq u id  so lu tions, the presence of one e le ­
ment in  so lu tion  w ill a ffe c t the s o lu b ili ty  of the o ther elements# A 
so lid  so lu tion  e x h ib its  the same c h a ra c te r is tic  as liq u id  so lu tions , in  
th a t i t s  composition may vary between lim its#
Many fe r ro e le e tr ic s  of the th ird  group can e a s ily  form so lid  solu­
tio n s  with other m ateria ls (add itives)#  I t  should be emphasized th a t 
many known fe r ro e le e tr ic s  and no n ferro e lec trics  of perovskite s tru c tu re  
and mixtures of these m ateria ls are not true so lid  so lu tio n s , but are 
e i th e r  stab le  heterogeneous systems or incompletely reacted  so lid  mix­
tu re s . But they w ill  not be discussed here.
I t  i s  possible  to  "prepare" a  fe r ro e le c tr ic  by adding appropriate 
amounts of o ther m aterials* the p ro p ertie s  of which are b e tte r  in  some 
respec ts  than those containing only the p rin c ip a l in g red ien t. Further, 
v a ria tio n  of percentage content o ffe rs  an exce llen t contro l over many 
of the desired  d ie le c tr ic  c h a ra c te r is tic s .
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imong fe r ro e le e tr ic s  in  the so lid  so lu tion  form, the t ita n a te  
compounds, p a r tic u la r ly  the binary system, barium + strontium  ti ta n a te s  
has a ttra c te d  considerable in te re s t  in  recent years owing to  the 
exceptionally  high d ie le c tr ic  constant and s ig n if ic a n t p iez o e lec tr ic  
effects*,. .
Further, the so lid  so lu tions of fe r ro e le e tr ic s  and no n ferro e lec tries  
of perovskite s tru c tu re  m ateria ls  can o ffe r a means of in v es tig a tin g  
the fundamental mechanism of fe r ro e le c tr ic i ty .
Jackson and Reddish (1 9 ^ 5 )^ ^ ,  Bushman and S trivens (19^6)^^^ 
found th a t addition  of strontium  to  barium t i ta n a te  lowers the Curie 
tem perature, the change being l in e a r  with composition* In addition
( p g \
Bushman and S trivens found th a t the replacement of barium by lead 
ra is e s  the Curie po in t, the increase being again l in e a r  with composition* 
The l a t t i c e  constant of a primary substance v a rie s  l in e a r ly  with the 
atomic percentage of the so lu te  element. When barium ions are replaced 
by small strontium  ions in  the two-compounds system, BaTiO^ ♦ SrTiO^, 
the average l a t t i c e  constant decreases l in e a r ly  with the percentage of 
SrTiO^ according to  measurements ca rried  out by Rushman and S trivens . 
S u b stitu tio n  of lead  fo r barium increases the te trag o n a lity , while i t  
increases the Curie tem perature. Therefore, i t  i s  c le a r , th a t the 
Curie temperature i s  one parameter which i s  ra th e r sen sitiv e  to  compo­
s i t io n .
Some ad d itiv es are used to  s h if t  the second transm ition poin t of
barium t i ta n a te .  According to  measurements ca rried  out by von Hippel 
(Aq)
(19^6) the d ie le c tr ic  lo ss  tangent reaches, near the second tr a n s i­
tio n  po in t, a peak value of about 0 .06I which near the Curie po in t a  le s s  
serious peak occurs, namely o f  about 0*02* For app lica tions in  which
noise i s  a problem such peaks of d iss ip a tio n  are serious, and addition  
agents moving th is  peak outside the operating temperature range can 
d e f in ite ly  improve performance* Kulesaw and B e r lin c o u r t^ * ^  found 
th a t small ad d itiv es  of yttrium  oxide (1^0^) to  barium ti ta n a te  lower 
the second tra n s it io n  poin t and ra is e  the Curie point*
Further, the same in v es tig a to rs  have shown th a t the addition of 
calcium t i ta n a te  to  barium t i ta n a te  s h if ts  the second tra n s it io n  point 
to  su b s ta n tia lly  lower tem peratures, while the Curie temperature i s  l i t t l e  
affected* The addition of SrTiO^ lowers the temperature of the second
tra n s it io n  po in t, while the addition of Ba&rQ  ^ and BaSrOj ra is e s  i t ,
(11  ^ (*7 ft ^according to  measurements by Coffen . Mason ' has shown th a t the 
add ition  of a  sm all amount of lead  tita n a te  to  barium t i ta n a te  produce 
a ceramic with a lower second tra n s it io n  po in t and a higher Curie p o in t.
The ro le  of additives in  controlling d ie le c tr ic  p ro p erties  i s  not 
lim ited  only to  a s h i f t  of the Curie point or the second tra n s itio n  
po in t in  the temperature scale* Often add itives are used to  broaden 
the temperature rang© over which high values of d ie le c tr ic  constant are
secured* J
' ' ■ ' I'
Among the f i r s t  s tud ies of the e ffe c t of add itives to  barium t i t a -  j
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nate were those of Wainer and h is  a sso c ia tes , which re su lte d  in  a
■ (48)number of p a ten ts  , d isc lo s in g  the use of the tit& nates, stannates 
and z irconates of the a lka line  ea rth . Some of these ad d itiv es have 
been discussed by Graf (1952) The so lid  so lu tions Of barium t i t a ­
nate with stannates have been studied in  more d e ta il  by Coffen (1953)
(10,11, 160) " - , H rts~,x(84) . , u (4)* *■ , Smolenskij (1951) end o thers .
(?)MgTiO  ^ '  additions tend to  broaden the high value of the d ie le c tr ic
constant without change in  the  peak p o sitio n  on the temperature scale*
CaTiO^0’^ * ^  add itives ac t in  a sim ila r manner to  MgTiO^. MgSnQ^
add itives considerably lower the maximum value of the d ie le c tr ic  constant
to  about 2500 and remain on th is  le v e l. A so lid  so lu tion  of BaTiO,
, . (11) \  . ■ * 
with gives a  very f l a t  c h a ra c te r is tic  of ^ d ie le c tr ic  con -
s ta n t -  tem perature*1 over the operating range of 20*C to  85*C*
HiSnO^11  ^ and ac t s im ila rly  to  MgSnO^115 :
The use of flu o rid es  as add itives to  barium t ita n a te  has been the
sub ject of two B ritish  p a te n t s ^ * ^ .  The patentees have fcund, th a t
the addition  of the flu o rid es  of magnesium (MgF^), and calcium (C a iy  •
in  sm all percentages (1 -  10%) to  BaTiO^ reduces the v a ria tio n s  in  the
d ie le c tr ic  constant.
Further, the authors o f B ritish  pa ten t 669941 have reported , th a t
the add ition  of c e rta in  flu o rid es (HiF*,, M y  or boric  acid  to  BaTiO^
the e ffe c t  of ra is in g  the volume r e s i s t iv i ty  to  a remarkable ex ten t.
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From the measurements carried  out by Wainer, Coffen and the o thers 
i t  i s  seen th a t  the lo ss  tangent of fe r ro e le e tr ic s  e x h ib its  a minimum 
value a t  a c e rta in  amount of the ad d itiv es , I t  appears th a t  th is  
phenomenon may be understood by assuming th a t by incorporating  a small 
amount of a  foreign substance s tre sse s  are applied to  the l a t t ic e  which 
give r is e  to  a broader d is tr ib u tio n  of ac tiv a tio n  energies* When a 
foreign substance i s  incorporated in  such a proportion as to  change the 
d ie le c tr ic  constant th is  gives r is e  to  an increase of the lo ss  tangent, 
due to  the influence of the d ie le c tr ic  lo ss  of the foreign atoms*
She add itives were c la s s if ie d  in th is  th e s is  in to  the following 
general groupj-
A. "S h if te rs ."  In to  the f i r s t  group belong those add itives which 
have the e ffe c t of sh if t in g  the temperature of the Curie point* 
The add itives, which s h i f t  the temperature of the Curie po in t 
from the o rig in a l temperature downward, were ca lled  "negative 
sh ifters*4, and the o thers which s h i f t  the Curie temperature up­
wards were called  "positive  s h if te r s " .
B. "Broadeners." This type of additive tends to  broaden the 
temperature range over which high values of the d ie le c tr ic  const 
ant are secured. These add itives were ca lled  "broadeners".
In general, th is  group of add itives lowers the value of d ie lec ­
t r i c  constant a t  the Curie p o in t, and broadens the range of 
high value of the d ie le c tr ic  constant beyond the Curie p o in t . '
This c la s s if ic a tio n  of add itives i s  made roughly, since there  are 
v a ria tio n s  within' each group. From measurements ca rried  out by Coffen
(10,11,160) .j_s cx eart th a t , fo r in s ta n c e , the Curie temperature of 
BaTiO^ continously drops as the amount of BaSnO  ^ in  the so lu tion  i s  
increased . The downward., s h i f t  i© accompanied by a broadening of the 
peak and a change in  the peak of the d ie le c tr ic  constant.
In tab le  5 were tabulated the add itives which act .'as " s h if te r s " .
In tab le  6 were tabulated  the m ateria ls , which are usefu l fo r broadening 
the temperature -  d ie le c tr ic  constant s ta b i l i ty .  The data  in  the tab le  
5 were surveyed from published s c ie n t i f ic  papers (u n t i l  195^)
Biblog . ) '  ^  use of the s h if te r s  and broadeners in some combination
to  produce m ateria ls  of interm ediate d ie le c tr ic  constant and in te r ­
mediate temperature s ta b i l i ty  have already found p ra c tic a l app lica tions 
in  the production of some types of ceramic condensers with high d i­
e le c t r ic  constant# ,
Simple oxides such as KgO, BaO, TiQ^, MnCb,, Fe^O^, 2r0^, SnCL,,
CeO^, have been used in  very small q u a n titie s , primarily to  produce
c.
minor changes o r to  improve f i r in g  behaviour, as has been reported by 
W & iner^^, Graf and Eubank, Roger, Schilfcerg and Skolnik ( 1 9 5 2 ) ^ ^ .
The maximum value of p e rm ittiv ity  on the temperature sca le , as well as 
i t s  maximum value, likew ise shows dependence on re la tiv e  percentage of 
composition. For some composition, espec ia lly  fo r barium and strontium  
t i ta n a te s ,  extremely high peak values of the d ie le c tr ic  constants have
been obtained by Bunting, Shelton end Creamer (1947) *
Table 5. ~ Additives which ac t as ’’s h if te r s ” .
P rinc ipa l
Component Hegative ’♦ sh ifte rs’*
Pate of s h i f t  
*C/1 m olec.percent. Reference
SrTiO^ : 2 .7s 5, 28
SrSnO,
j
10,11,84,160
SrZrO^ 160
BaTiO,3 Ba&rOj 4.1 160
: CaSrO^ ■160
' . BaSnO-, P 7.3 10,11,160
PbSnO^ •6.5 10,11,160
CsSnO^ 10 10,11,160
ZrSnC-3 10,11,84,160
P ositive  ’’shifters**
PbTiO^ 4.1 83
TO7 1 4.0 127
PbErQ,
Negative ’’s h i f te r s ”
, 3
B&ZrO^ 9
Table 6 -- Additives which act as "Broadeners*1.
. ............
Principal. 
Component Broadeners j Beferenee
MgSnQ* 10, 11, 8%, 160
MgSrO^ 7
?WT*4A weilv^ MgTiO^ 7
CanOj 6, 127
iliSaCL 11, 160
BMSrOj* ■ 2 2 2 11* 160 ,
CaF2, BaP2t V>&z  
Srfg
i 
i
[ ' 
j
: 
<3\ 
I 
! 
VO 
f
! 
** 
' 
f 
1 
1
A so lid  so lu tion  of lead sireosatc with barium mircon&ie was pr®~
Co}
pared m i examined by Roberts (199?) • The high d ie le c tr ic  constant
of th is  composition ('v>6000) and i t s  n o n c ritic a l dependence on tempera­
tu re  are highly desirable, p ro p e rtie s  fo r  d ie le c tr ic s .  ' This composition
i s  more d i f f i c u l t ' t o  process, however,, owing to -the  n ecessity  fo r main-
(9 )ta in la g  a p a r t ia l  vapour■ pressure of lead  oxide during f i r in g  ♦
I t  e«s be- noted th a t ,  in  spit© of the considerable amount of study 
on the so lid  so lu tio n s o f;fe rro e le c tric ® , a g rea t many problems remain 
unsolved.
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1.12, A Beview and C riticism  of the Theories r e la t in g  to  the Perovskite 
Type of F e rro e le c tr ic .
Any theory of the  barium t i ta n a te  type of fe r ro e le c tr ic  should 
account fo r the high d ie le c tr ic  constant, the form of i t s  temperature 
v a ria tio n  above the Curie p o in t, the spontaneous p o la riza tio n  a t  the 
Curie point and the subsequent changes in  p o la riza tio n  a t  the o ther 
tran s itio n s#  Also, i t  should account fo r the v a ria tio n  of the d ie lec ­
t r i c  constant in  the fe r ro e le c tr ic  region#
In the e a rly  work on fe rr© e le c tr ic ity , the in te rn a l f ie ld ,F ,
(170)e ffe c tiv e  in  o rien tin g  the d ipoles was derived by Lorentz '  as 
F * E ............   (1 .11 .)
where:-
F -  i s  the ex te rnal applied  f ie ld .
F -  i s  the to ta l  p o la riza tio n .
$>- i s  a  constant, ca lled  the Lorentz fa c to r .
This formula gives only the average value of F, over the whole 
d ie le c tr ic  and not the average value of F a t  a  ce rta in  p a r t ic le .
Lorenz pointed out th a t neglecting quadrupol and higher moments, an 
a rray  of po in t d ipoles in a  simple cubic l a t t i c e ,  or a random array , 
with equal dipole moments, leads to  the value
Eq. (1.11#) gives the co rrec t value fo r the to ta l  f ie ld  a t  the
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p osition  of dipole th a t i s  produced by a l l  the o ther d ipo les. There­
fo re , the Lorentz value may be used in  tre a tin g  the c la s s ic a l method in  
which p o la riza tio n  i s  produced by d is to rtio n  of the ions, each of which 
remains in  a fixed p osition  with no d istu rb ing  e f fe c ts  of thermal agi­
ta t io n . Under these conditions, i t  likewise gives a form ally co rrec t 
value fo r  the in te rn a l f ie ld  (F), when the molecules have a  permanent 
dipole moment. However, th is  case i s  without physical in te re s t  because 
in  the absence of thermal a g ita tio n  each permanent dipole w ill be 
p e rfe c tly  aligned with any field*
Another approach to  the rep resen ta tion  of the in te rn a l f ie ld ,  was
(171)given by Onsager * The author used the device of rep lacing  the 
surrounding dipoles by a  homogeneous d ie le c tr ic  m ate ria l. The dipole 
under consideration was supposed to  be located  in  a spherica l cavity  
excavated in  th is  d ie le c tr ic  m ate ria l, the dipole being replaced by a 
uniformly and permanently po larized  sphere which can ro ta te  f re e ly .
The Onsager model leads to  the following expression fo r the in te rn a l 
f i e ld : -
o r : -
where;-
E -  i s  the ex te rnal applied f ie ld
p -  i s  the p o lariza tio n  in  the ex te rnal medium
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6 -  i s  the d ie le c tr ic  constant of the medium.
Here* the Lorentz fac to r j}, i s  a  function of the d ie le c tr ic  constant & *
The main disadvantage of th is  approach i s  th a t  the model i s  an 
extreme id e a liz a tio n  of the ac tual physical s itu a tio n , so th a t  i t  i s  
very d i f f ic u l t  to  determine the conditions fo r i t s  v a lid ity ,
" (172)Other in te rn a l f ie ld  d iscussions have been given by Mueller , 
F r o h l ic h ^ ^ ,  O s te r^ ^ ^  and Kirkwood^*^ but these th eo ries  a lso  do 
not give an explanation of the in te rn a l f ie ld  in  the fe r ro e le c tr ic  sub­
stances,
Titanium Displacement Theories,
One of the  f i r s t  approaches to  an explanation of the fe r ro e le c tr ic  
behaviour of barium t i ta n a te  was the " r a t t l in g ” hypothesis. Magaw 
pointed out th a t the  ion ic  ra d i i  in  barium tita n a te  are such th a t the 
titanium  ion has more space than i t  needs in  the s tru c tu re  and hence i s  
possible able to " r a t t l e ” . Therefore, i t  has been supposed th a t the 
p o la riza tio n  of barium t i ta n a te  i s  due to  movement of the titanium  ion .
( pO \
Bushman and S trivens (19^6) a f te r  Magaw*s observation assumed 
th a t the titanium  ion " r a t t le s ” among s ix  equivalent equilibrium  p o s itio n s , 
one near to  each o f the oxygens in  the octahedron. This approach leads 
to  quite a high p o la r iz a b ili ty  fo r  the Ti ion . I t  appears th a t the
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" r a t t l ih g ’V ion i s  simply equivalent to  a free  ro ta tin g  d ipo le , which i s  
not l ik e ly  to exh ib it f e r ro e le c tr ic i ty .
(36)A d iffe re n t approach was given by Jonkers and van Santen (19^7) •
According to  th is  theory barium ti ta n a te  i s  one of the few cases in  which 
the p o la r iz a b ili ty  per u n it  valume increases to  the l im it  where a spon- 
taneous p o la riza tio n  w ill|occur* This i s  e a s ily  seen in  Clausins -  
M osotti’s ^ ^  formula fo r  the d ie le c tr ic  constant, namely
| - r | -  = ~ T  * *  '    Cl.1 3 )'
wherej-
■£ '<* i s  the d ie le c tr ic  constant 
H -  number of u n it c e l l  (e .g . TiO^ molecules) per u n it volume 
oi * oC e /k T  # the sum of p o la r iz a b i l i t ie s
e lec tro n ic  p o la r iz a b ili ty ;  
io n ic  p o la r iz a b i l i ty ; 
r l t -  the contribution  of permanent d ipo les of moment j 
T -  tem perature;
& -• Boltzmann’s constant.
The assumption ex ten ts over ion ic  as well as e le c tro n ic  p o la rizab i­
l i t i e s  of the simple exides which are the constituen ts  of the whole com­
pounds. BaO t  TiG^ give a value which brings the r ig h t  -  hand side of 
equation (1 .13) close to  un ity , thus giving an in f in i te  value of the 
d ie le c tr ic  constant.
Ginsburg (1 9 ^ 6 )^ ^  has given an in te re s tin g  thermodynamic treatm ent
of fe r ro e le c tr ic i ty  in  general. He has derived re la tio n s  fo r the 
equilibrium  p e rm ittiv ity  and the  anomalous sp e c if ic  heat in  terms of a 
parameter which charac terizes the order i . e .  the permament p o la riza tio n . 
The p e rm ittiv ity  measured above the Curie p o in t, and a lso  fo r  a range 
of about 20*0 below i t ,  obeys th is  theory remarkable w ell. Ginsburg* s 
theory also  p red ic ts  a  nonlinear re la tio n sh ip  between e le c tr ic  f ie ld  
and p o la riza tio n  above the Curie p o in t, which was v e rif ie d  by Koberts 
(1947) Shit many other fe r ro e le c tr ic  p ro p ertie s  cannot be exp la i­
ned by means of th is  theory.
The Mason ~ M atthias theory. -  A d if fe re n t s ta r t in g  pent has been 
used by Mason and M atthias (1 9 4 8 )^ ^ ^  in  the p a r tic u la r  case of BaTiO^. 
Miss Megaw^^^ has considered th a t  a displacement of the Ti ion re la tiv e  
to  the r e s t  of the c ry s ta l as the cause of the  p o la riza tio n . Mason 
and M atthias have developed in  considerable d e ta il  a theory based on 
th is  assumption, introducing a lso  the Eucken’ s and B u c h n e r * ' • idea 
of homopol&r binding between p o sitiv e  and negative ions. Their model 
assumes th a t there are s ix  stab le  positions of the Ti ion , when i t  i s  
d isplaced from the centre o f the u n it c e l l  toward each of the s ix  sur­
rounding oxygens. The authors c a l l  the p o la riza tio n  due to  th is  d is ­
placement of the Ti ion P i, and assume th a t the e ffe c tiv e  f ie ld  f  i s  
given by :-
F s  I  + ♦ J ’P)
wheres-
- r " j f (1.14)
7r  — i s  the to ta l  p o la r iz a b i li ty  due to  a l l  mechanisms o ther than 
Ti displacement, divided by the volume of a u n it  c e l l .
F -  the in te rn a l f ie ld .
S .-  the ;app lied  f ie ld ,  
ji ■- the Lorentz fa c to r , 
and the to ta l  experimental observed p o la riza tio n  i s : -
p + pa ♦    (1 . 15)
From (1 .15) i t  follow s, th a t fo r weak applied f ie ld  with T Ta, the 
s u s c e p tib il ity  i s : -
X =:t ~ r K l - . K )  i f t +  T - T cl
and the d ie le c tr ic  co n stan t:-
C — C j .  ^  ft .  I s ------
c 0 0 f > ( \  - ^ t )  T - T c
where:-
Tc -  i s  the temperature of the  Curie po in t.
c - 1 +  J U O L
Oo ! | -  fttf
The constant jysmdfl were a lso  considerably revised  by Mason in  1950 *
A fundamental objection to  th is  theory i s  th a t the constants of 
the theory are in  disagreement with the experimental da ta . This d is­
crepancy cannot be a ttr ib u te d  to  experimental e rro r  or to  the crude.
s t a t i s t i c a l  nature of the theory: the experiments involved are  r e l a t i -
(13 19 4^ 65 162)vely easy ones which asiany in v es tig a to rs  * have performed
with close agreement and the corresponding theory involves no behaviour 
near the c r i t i c a l  po in t.
Another fundamental d i f f ic u lty  concerns the change in  entropy as 
we go through the Curie p o in t. According to  th is  theory there  are s ix  
positions th a t ithe Ti ion can assume a t random where T> Tc, while a few 
degrees below Tc i t  w ill be constrained e s se n tia lly  to  a sing le  s i t e .  
Thus, w® expect an entropy change of about K log  6 * 1.79 K per u n it 
c e l l  (F o rs b e g h )^ V  But as i s  seen from (1 .8) the experimental: walue 
of A S i s  about 0.02 K only. I t  appears, th a t the in te rn a l f ie ld  
assumption in  th is  theory should be improved.
In Mason’s second form of the same theory two d iffe re n t Lorentz 
fac to rs  are introduced. lam ely, the e le c tro n ic  p a rt of the po lariza­
tion  Pe, i s  assumed coupled by the c la s s ic a l  value %  ,  while fo r 
the ion ic  p a rt Pd i s  an unknown fac to r • The formula fo r the in te r ­
nal f ie ld  i s  assumed as
F Pe + $ P e
But Cohen (1951) has pointed out th a t the in te rn a l f ie ld  a t 
the p o sitio n  of the displaced ion, must be evaluated not a t  i t s  c en tra l 
p o s itio n . Since the l a t t ic e  ion of TI ions i s  uniformly d isp laced , 
the in te rn a l f ie ld  due to  Pd must be zero. I t  seems, th a t th is  model 
of the in te rn a l  f ie ld  i s  no b e tte r  than the f i r s t .
The Devonshire Theory. -  A second attem pt to  explain the p ro p ertie s
(53)of BaTiO* in  terms of ion ic  displacement has been made by D evonsh ire '^  .
na
He developed a purely phenomelogical theory im ita ting  M ueller*s in te r -  
a tion  th e o ry ^ * ^  of Hochelle s a l t .  Devonshire has given an expres-
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sion  fo r the Helmholtz free  energy of the free  unstressed  c ry s ta l  per 
u n it volume, expressed as a  function of p o lariza tio n  and s tr e s s ,  with 
the s tre sse s  equated to  zero. This free energy expanded in  powers of 
the p o la riza tio n  has the forms- 
a ».J4X (r-x2 ♦ r^ y2 + pe2) + %, t  + p**) +
+ % £  |Py2 Pe2 + Pz2ftc2 + Px2Py2) + 1/6  (Px6 + Py6 + Pa6) + . . . . . .
where:- ;
Px, Py, Pz -  are the permanent p o la riza tio n
-  are the co e ffic ien ts  of p o la r iz a b ili ty .
\ ' -  i s  the rec ip ro ca l of su s c e p tib il ity .
The basic  assumption of the Devonshire theory i s  th a t the l in e a r  
re la tio n
v  T -  To 
A  * — g*—
where
C -  i s  the Curie constant 
Tc - i s  the temperature a t  Curie Point 
may be ex trap o lited  below the Curie temperature Tc, and th a t the only 
important temperature e ffe c t in  the fe r ro e le c tr ic  region a r is e s  from 
temperature v a ria tio n  of X • so th a t the q u a n titie s  3 ,, > 
assigned constant values* Devonshire shows th a t the three phase tran ­
s i t io n s  fo r BaTiO- are accounted fo r , with the observed s h i f ts  in  polar*
. ^  . ■ £ »  : v 
r iz a tio n  d irec tio n , i f  ^  and Q are positive  while 5 ,,i s  ne£&iiv®»
furtherm ore, another madeJthe ca lcu la tions of the d ie le c tr ic  constan t,
c ry s ta l s t r a in s ,  in te rn a l energy, and s e l f  p o la riza tio n  as functions of 
temperature*' 'm
In the Devonshire work, the tra n s it io n  a t 12Q*C for BaTiQ^, was
considered to  be f i r s t  order, the p o la riza tio n  r is in g  diseontinously  to
a f in i te  value as the temperature i s  lowered. But, the measurements
ca rried  out by M e r z ^ ^ ,  Jvon H ip p e !^ * * ^  and o t h e r s ^ * ^ ^  show not
such d iscon tinu ity  and no h y s te re s is  a t  the Curie po in t, in d ica tin g  a
second -  order t ra n s it io n . However measurements mad® by other invest!** 
(18V183)gators * , have shown a d isco n tin u ity  in  various p ro p erties  a t  th is
tem perature. Therefore, i t  i s  now not ce rta in  experim entally whether 
the tra n s it io n  i s  of f i r s t  o r second order.
The model of fe r ro e le c tr ic  behaviour considered by Devonshire i s  
the conjunction of a ra th e r large  p o la r iz a b ili ty  due to  ion ic  d isplace^ 
ment and the mechanical deformation e ffe c ts . The e ffe c tiv e  f ie ld  ac tin g  
on each ion was assumed given by the Lorentz fac to r and the pola­
r iz a tio n  of ions by d is to r tio n  was not taken in to  account.
The free  energy function developed by Devonshire leads to  the 
co rrec t q u a lita tiv e  behaviour as regards the succesive changes of pola­
r iz a tio n  d irec tio n  and l a t t i c e  deformations, but there i s  no q u an tita tiv e  
agreement between theory and experiment on the magnitude of the p o la r i­
zation and d ie le c tr ic  constant as a  function of tem perature.
S la te r  Theory. •* S la te r  has modified the Devonshire theory . 
Namely, he took in to  account the p o la riza tio n  of ions by d is to r tio n  and
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he used values of the in te rn a l f ie ld s  a t the ion s i te s  determined from 
e le c tro s ta t ic  ca lcu la tion  based on the ac tual arrangement of ions* 
displacement of the Ba or 0 ions i s  not considered, but the e le c tro s ta ­
t i c  p o la rissab ility  of a l l  ions i s  taken in to  account.
S la te r  found th a t f e r ro e le c tr ic i iy  in  BaTiO? occurs when
l V r r “  = ° - 062' "  :
where:- ;
^(TYJ -  i s  the p o la r iz a b ili ty  due to  the Ti ion displacement 
V -  i s  the volume of a  u n it c e l l .
A ll o ther io n ic  p o la r iz a b i l i t ie s  are assumed equal to  zero.
I t  seems th a t the most in te re s tin g  and generally  applicable p a rt of 
S la te r ’s work i s  h is  treatm ent of the in te rn a l f ie ld s ,  taking in to  
account the ac tual arrangement of ions and therefore  the a c tu a l departures 
from th e^ =l<l/3 theory. The main object of th is  treatm ent i s  to  compute 
the Lorentz correction  exac tly , not assuming spherica l symmetry, but 
taking^account the p recise  c ry s ta l structure*  Furthermore, i t  seemed
th a t S la te r ’s  treatm ent explained f e r ro e le c tr ie i ty  too e a s ily , and did 
not explain why i t  i s  such a simple occurence.
In S la te r ’ s theory, as in  Devonshire’s , the various terms in  the 
expansion of the free  energy in  powers of the p o la riza tio n  are re la te d  
to  corresponding terms in  the expansion of the p o ten tia l energy of the 
Ti ion in  powers of i t s  displacements from the centre of the unit*
However, S la te r  considersjonly Ti displacement, while Devonshire takes
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in to  account displacements of a l l  ions®
The Oxygen Displacement Theory. -  The Oxygen theory i s  a specia l 
case of the Devonshire theory with the added feature that- the e le c tro ­
mechanical constants are deduced from the model.\
(179)X-ray measurements carried  out by Kaenzig have shown th a t the 
oxygen nu c le i displace re la tiv e  to  the Ba ions much more than to  the Ti 
nuclei* This observation became the incentive to  explore the oxygen 
displacement theory.
(179)To explain  the experimental observation of Keanzing on the
(180)ion ic  displacements* Schweinler assumed th a t  the titanium  ion i s
seven times as strong ly  bound to  i t s  equilibrium  position  as i s  the
(75)oxygen io n . Jaynes and Wigner explain the oxygen displacement model 
in  the follow ing manner: Each u n it c e l l  has three oxygen ions Ox, Oy
and Oz which are free to move in  the x, y and z d irec tio n s respec tive ly . 
As the c ry s ta l i s  cooled* the mismatch of ion ic  s izes  successively causes 
the 0Z| then the Oy* then the Ox ions to  be squeezed out of th e ir  planes 
of Ba ions, thus causing a spontaneous p o la riza tio n , f i r s t  along a cube 
edge, then a face diagonal, then a body diagonal. As the Oz ions move 
out of the plane of the Ba ions, the whole struc tu re  can contract in  th is  
plane while expanding in  the z -  d irec tio n . This deformation of the 
c ry s ta l  reduces the l a t t ic e  energy, ao th a t the force tending to  d isplace 
the Oz ion i s  not only the e le c tro s ta t ic  force due to  i t s  in te rac tio n  
with o ther Oz ions, but a lso  a d ire c t mechanical force tending to  in—
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erease i t s  displacement. The po lariza tion  Poz due to  displacement of 
Oz ion i s  ■
Poz « E S  ■
wherei-
a -  i s  the l a t t i c e  constant.
Z -  i s  the displacement of the Oz ion.
0  -  2.7183
(75)so th a t the transverse  contraction  becomes
- A ±  = ( ?  i - V p * - 3 . 8 - l 0 ' l* » p a'
the te tragona l s ta te  i s  p roportional to  the square of the spontaneous
As.p o la riza tio n , namely he found th a t -  -g - i s  accurately  proportional to  
the square of the to ta l  p o la riza tio n , w ith a c o e ffic ien t of 1 ,3  x ISf^"2.
The advantages of th is  theory lay  in  i t s  s im p lific a tio n j namely, i t  
can be obtained by physical reasoning without mathematical ana ly sis .
This simple p red ication  of the co rrec t order of magnitude of the mecha­
n ica l deformation of the c ry s ta l i s  to  be contrasted  with the phenomeno­
lo g ic a l treatm ent, where one estim ates the c o e ffic ien t by comparison with 
the observed deformations, no attem pt being made to  deduce i t  from the 
model. I t  seemed doubtful whether BaTiO^ could be regarded as an 
ion ic  c ry s ta l ,  an assumption which underlies a l l  of the ion ic  d isplace­
ment th e o rie s .
E lectron ic  Theory. -  According to  M atthias^52* ^ ’73,77> a l l  sub­
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stances are fe r ro e le c tr ic s  in  which an atom or ion with a closed sh e ll
i s  surrounded by an octahedron of 0 ions, in  perovskite s tru c tu re , i f
the dimension of the octahedron approximates to  a d e fin ite  s iz e • The
th e o re tic a l aspects concerning those octahedra have been published by
Haynes and W ig n e r^^  and by J a y n e s ^ ^  ©lone. The authors assumed,
th a t the oxygen octahedron s tru c tu re  ra th e r than the presence of any
sp e c if ic  p o sitiv e  ion i s  the necessary element fo r producing fe rro e le c -
t r i c i t y ,  and the ele c tron ic  s tru c tu re  of th is  arrangement i s  an import
ta n t  fa c to r . Jaynes and Wigner following Danielson’s and Bundle(182)
C 701and Kay, Wellard and Vousden works, assume th a t the spontaneous pola­
r iz a tio n  in  BaTiO^ i s  not due to  displacement of the cen tra l Ti ion .
They show th a t many of the p ro p ertie s  of BaTiO^ may be accounted fo r on 
the basis  of s h i f t  of e lec tro n ic  wave functions. Furthermore, the 
authors assume th a t BaTiO^ i s  not a strongly ion ic  c ry s ta l and th a t  i t s  
e le c tro n ic  s tru c tu re  i s  such th a t the oxygen octahedron must be thought 
of as a sing le  u n it  ra th e r  than as a s truc tu re  of several independent 
p a r ts .
J a y n e a s s u m e s  in  h is  e lec tro n ic  po lariza tion  treatm ent th a t 
the e ffec tiv e  f ie ld  operative in  the inside of an oxygen octahedron i s  
given by
F « E + £ (P e  + P i + Fd) * E + J  P
and
F « P i + Pd
-68<
where
■ P.- i s  the to ta l  m icroscopically observed p o la riza tio n
Pe -  i s  the p o la riza tio n  due to  mixing of e lec tro n ic  s ta te s
P i -  i s  the p o la riza tio n  of the ion cores
Pd -  i s  the p o la riza tio n  due to  displacement of the ions from
th e ir  normal l a t t i c e  points* 
and ^  -  are unspecified  constants (in  the early  s ta te  of the 
treatm ent).
A fter e lim ination  of the (P i + Pd) the in te rn a l f ie ld  i s
F = J  + i f t
and the to ta l  p o la riza tio n  i s
V = P  +SIF »  Pe
P “ -Pe  Mt- I "  ,F»( if il lFurther* Jaynes carried  out the calcu la tion  of the 
and found tha  following re la tio n  between them:-
 ^ — Q 2
i M l - ' } ? )  .
There i s  not yet enough inform ation to  f ix  ^  andy separately*
The e le c tro n ic  model can account q u an tita tiv e ly  fo r the d ie le c tr ic  
constant a t  high tem peratures, the magnitude of the p o lariza tio n  a t  low 
tem peratures, and the entropy change accompanying the tra n s it io n  to  the 
po larized  sta te*
This theory i s  not a rigorous treatm ent of fe r ro e le c tr ic i ty  since 
i t  assumes th a t the quantum s ta te  of one u n it c e ll  i s  s t a t i s t i c a l ly  
independent of the s ta te s  of adjacent cells*  The average dipole moment
•*69**
i® the earns la - a l l  c e l l s ,  aa! th is  average p o la riza tio n  Pe i s  then used 
to  ca lcu la te  the lo c a l f ie ld  acting  on the c e l ls .  ..
Recently, M ss Megaw 0 ^ ,1 4 4 )  th a t the o rig in  o f ferro-*
e le c t r i c i ty  should be .sought in  a small change of bond character ©souring 
in  a structure where geometry i s  compatible with e ith e r  homopolar or 
io n ic  bonding| th is  r e s u l ts  in  a,sm all displacement o f c e r ta in  stems 
which, held by hcMopolar fo rce s , co n stitu te  permanent d ipoles.
In  co n tra s t to  most o f the th e o re tic a l work which has been done on 
the subject, i t  puts the emphasis on the, d irec ted  bonds in  the s tru c tu re ; 
adm itting th a t s tru c tu re s  such as BaTiOj are to  be regarded as p a rtly  
io n ic  and p a r t ly  homopolar.
F urther, she has supposed th a t i|; the bond angles allow a s tru c tu re  
in  which the d ipoles have p a ra l le l  o rien ta tio n  and i f  the displacements 
are so sm all th a t  the p o te n tia l maximum of the undisplaced positions , 
forms only a  low b a r r ie r ,  rev e rsa l of the dipoles can e a s i ly  be effected  
by an ex te rn a l f ie ld  and f e r ro e le c tr ic i ty  re s u l ts .
This treatm ent i s  ra th e r  q u a lita tiv e  than q u an tita tiv e . E a rlie r  
work which recognised the importance of homopolar- forces (M atthias nnd 
von Kippel (1948) Mason and M atthias (1948) Kay and 7ouscben
(194-9) ^54)) nevertheless considered th e ir  e ffe c ts  only when they were ■ 
re s t r ic te d  to  the o rig in a l Ti «* 0 d irec tio n s! M ss Megaw assumed th a t 
e ffe c ts  cannot be tre a te d  in  is o la t io n , but are re la te d  to  changes in  
bond angle a t  a l l  atoms. This treatm ent brings the struc tu re  of the
perovskite family in to  re la tio n  with those of o ther oxides and o ffe rs  a 
p o s s ib il i ty  of explain ing  the very great v a rie ty  of ways in  which the id ea l 
cubic s tru c tu re  i s  modified in  ac tual compounds.
Conclusions.
All theo ries considered here are in  a s ta te  of development and, of 
course, concerned with ra th e r id ea l systems, i . e . ,  the lim it of ac tual 
ones as a l l  im perfections go to  zero, and when there i s  a d ifference , 
the authors would want the model to  reproduce the id ea l, ra th e r  th a t the 
a c tu a l behaviour. At present i t  cannot be said  which of the approaches 
represented i s  preferable*
A ll the basic  theo ries of fe r ro e le c tr ic s  are in  an agreement th a t 
the extremely high d ie le c tr ic  constant found in  barium tita n a te  must be 
due to  the movement of charges through re la tiv e ly  large d istances.
I t  seems th a t the v aria tion  of the fe rro e le c tr ic  p roperties cannot 
be explained on the b asis  of a geometrical arrangement of ions as i s  
shown by the follow ing one example.
A su b s titu tio n  of strontium  fo r barium causes a decrease in  the 
volume of the u n it c e l l  and a lowering of the Curie p o in t. However, 
calcium su b s titu tio n s  a lso  decrease the  c e ll  size  but do not markedly 
a f fe c t  the Curie p o in t. On the o ther hand, lead su b s titu tio n s  do not 
appreciably change the size of the u n it c e l l ,  but do ra ise  the Curie
-  7 1 *  --
point a great deal.
None of the th eo rie s  i s  completely sa tis fa c to ry  from a 
q u an tita tiv e  point o f view# but i t  appears th a t the co rrec t 
so lu tio n  i s  m atter which depends m. the. ocrrec t c a lcu la tio n  of 
the in te rn a l  f ie ld  in  a fe rro e lec tric*
&am fa c to rs  l a  the p reparation  ©f barium t i ta n a ts  ceramics 
in fluencing  th e i r  d ie le c t r ic  properties* ■
2*1*
2.2.
2.3.
2.4*
2.5.
2.6.
2.7.
2.8.
2.9.
2.10.
In troduction .
C alcination .
Tima ©f m illin g  and mixing.
Fc&rmittg,
S in te rin g  process*
a /  s in te r in g  temperature varia tion*  
b /  time ra te s  ©f s in te r in g  temperature |  
c /  Re s in te rin g  j 
d /  s in te r in g  atmosphere.
Sis© ©f c ry s ta ls .
Sea© p ro p erties  o f barium t i ta n a te  ceramics comprising 
la rge  and sm all c ry s ta l  grains.
Heterogeneous m ixture, '
Factors in  p repara tion  in fluencing  ageing phenomena. 
Conclusions.
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2 .1 . Introduction.
I t  seems th a t a  knowledge of the fac to rs  in  the preparation of fe rro ­
e le c t r ic  ceramics which influence th e ir  d ie le c tr ic  p roperties  i s  very im­
po rtan t in  order to  improve them and to  decrease th e ir  present shortcomings.
In 19^2, W ain e r^ ^  and 1950 W entw orth^^ gave in  a se rie s  of pa ten ts  
the procedure fo r  the preparation of fe r ro e le c tr ic  ceramic condensers. 
Further, Be t r ic k  (19^2) gave a method of producing re la tiv e ly  th in  
d ie le c tr ic  sheets , but h is  method possesses a few disadvantages due to  the 
use o f an unsuitable  kind of binder* Subsequently, Bowatt, Breckenrindge and
£*i Oq\
Brownlow have given the method fo r  fab rica tion  of th in  ceramic sheets 
fo r capacito rs . F in a lly , Lies (19*f?) has given an improved method of 
producing f l a t  film s of d ie le c tr ic  ceramic sheets . The in v estig a to r has re ­
ported th a t applying h is  method, i t  i s  possib le  to  make d ie le c tr ic  sheets of
(go 191)about a  few m ills  th ickness. In add ition , many other in v estig a to rs  * 
have w ritten  about th is  problem, but they introduce nothing new as fa r  as i s  
known. In a l l  these published paperss there i s  very l i t t l e  sa id  about the 
influence of any variab les in  the preparation  process on the p roperties of 
ceramic m ate ria ls . Some information on th is  subject was introduced by 
Baldwin and Hathaway in  th e ir  pub lica tions. Namely, in  1951 Baldwin and 
Hathaway^58,192) have ^ sc ribed some components which have an influence on 
the ceramic and e le c t r ic a l  p roperties of the prepared m ateria ls . But th is
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inform ation i s  quan tita tive  ra th e r  than q u a lita tiv e .
Therefore, due to  the r e la t iv e ly  small amount of published work in  th is  
f ie ld  i t  was resolved to  investiga te  the influence of some variab les in  the 
preparation  process on the p ro p erties  of fe r ro e le c tr ic  ceramics.
In th is  paper the following was considereds-
a) C alc ination |
b) Time of m illing  and mixing; 
e) Forming;
d) S in te rin g  process;
e) Size ©f c ry s ta ls ;
f )  Factors in  preparation influencing  aging process.
For th is  purpose about 2000 samples of barium tita n a te  ceramics were 
prepared.
-  7 5  •
■ 0al©isaf i m  refers to  the of carbonated b f  m m m
o f beat# Sat tli© farm i s  often used to  denote Hie driving
o ff ©f any volatile material by. beating '(SQ?t f^O#©£tanio Eaitar,aie. }#
In «d@i? to  exas&aa tli©' e ffe c t  o f Hi© ■ Intermediate beat treatment 
"m tli©' p it ie s # . ansi a lee tr io a l prcipertiee o f  the sister®# bafl«aa t i t s m ta  
apeotam eythe raw mwri&X* BaOb^ * was subjected to  eaX daatlm  at  
iiffeaseai temperatures*
Vary p t  ponders o f $sCQj* Htfl> (im purities le s s  than €^2£$)l» 'the
•M tatielaastrie proportion i®ere s$13M an# mixed Is  the laboratory ball 
a ll!  for tw© t o ,  applying a m t  ciatlio# o f tallling* Tim resulting 
mixture was dried at 1#0*S ami broken to pass 200-s^sti' sieve# Birtlw r9 
the pm@®& so obtain©# was illrla©# Into 9 e$ual parts by weight, end 
8 of these parts wars oaldxsed Is  a pl^iislum m m ih l®  at .different 
tasGsparaiures rangiiig from 1025*0 to 1300*0#. Hie increasing t im  rates 
of temperature o f ealeiii&tlm m m  5**/aliKite an# aeereesiag 2*%lmt@# 
Hie peak temeraiure of caloifiatloa m n . kept constant for 2 feours*Hi@ eal«
else# cakes m m  then groan# i s  m  agate mortar' to pass a 300*tsssh sieve,
" v#* <%
Hie powder obtains# was s lig h t ly  moisiem# end ©cypress®# at 2,5 A  *
la  the fom  ©f a disc (1*5 aa##iam©ter an# ©best 0*05 thickness}#
*> 7^  **
After drying the discs were " s in te red  in  an e lec trica l furnace a t  a 
constant .tem perature-of 137^*0 fo r  2 hours* The sintering process was carried 
out in  m. easygea atmosphere*
' Farther* from the 9th p a rt  o f the raw material sauries' m m  prepa- 
.•■'red as above, hut w ith 'th is d iffe ren ce , that these specimens' were subjec­
ted  to  a  • s in te r in g  process ■at 1370*0 for 2 hours' without the calcin ing ' 
process* After cooling' to" room 'temperature the'- 'shrinkage and the specific 
g rav ity  for the sintered discs were measured* Then, the specimens were 
dried a t 130*0 and silver electrodes were applied * for the purpose of 
examination of the e lec tric  properties of the samples*
■' ■■"■' ■■' ■' ■' ■"‘ H i e  shrinkage and the specific gravity were':'aeasursd a t 21*0.'
The die!©©tile constant and the loss tangent were r is e  measured a t 21*0 \\
Iand a t Curie - temperature* which for these; specimens' v a rie d ; svetf " th e ’' > ?:•
i
range' of 121 -  4*0* The frequency a t which the measurements were conducted |
. !!::
■ ' I*!'
was 1 D0/s* ' ■ p
The measurements conducted fo r the examination of physical and i
. • I[ :
, !
e lec tric a l p ro p e r t ie s ' o f specimens are described in  the Appendix Mo.1* ;
. In  fig* 2*1* (and i n  Appendix Npy^table H©*2#1* |Ifo*2*2* ) i s  - s^hown 
th e . dependency of shrinkage ..and. sp ec ifio  gravity on the calcining tempe­
rate©* From these r e s u l ts  i t  follows that the shrinkage of barium
J1 ' <
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tttanate d iscs s in te red  a t  constant temerature( 1570*0) increases as 
the ©aloining .temperature i s  reduced,
■ ■ gr a ^t j  ©f the specimens increase as the calcining  
tempsrature' i s  increased* .These.resu lts are more apparent in  comparison 
with data, obtained for spez&msm not subjected to  the calcination process 
(sea table 2.4), ■ .
.. She dependency, o f: .d ie lectric  constant and lo ss  tangent on the
ca lc in ing  temperature i s  shown in  H g .2 ,2 ,  an! F ig .2.3* (and in  tab le
_ _ Mb.2.3# # - Appendix Mo.VII.}. From these diagrams i t  follows th a t the
influence of the ca id n u ig  temperature i s  m ere'clearly v is ib le  at 21*0
than a t  the Curie tem perature. Namely, the d ie le c tr ic  constant increases
s l ig h t ly  as the calc in ing  temperature i s  increased. F arther, when the
calc in ing  temperature approaches the  s in te rin g  temperature- (1370*0) ■
the d ie le c t r ic  constant decreases* The lo s s  tangent in i t ia l ly  drops 
k
very qvdo^y w ith increase ©f the calcin ing  temperature* up to  about 
1100*o (decomposition temperature' for BaOOj) and then s e t t le s  to  m  
almost constant value. Hie change ©f the d ie le c tr ic  constant and the lo ss  
tangent a t  the Curie'temperature'is very sm all. The d ie le c tr ic  constant 
increases very l i t t l e  and the lo ss  tangent i s  almost constant as the 
calcin ing 'tem perature  i s  increased,
During the preparation  o f the specimens used in  th is  experiment, 
i t  was observed that the whigh calcined’1 raw materials were d iff ic u lt  
' to  pulverize ,  ■ and to  s in te r .
The resu lts  obtained fo r  specimens s in te red  without the c a lc i­
ning process are given below***
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Table 2 .4 , P roperties  o f a  b iriw s titanata specimen s in te red  a t  1370*0 
■ ■.-.■* « fo r 2 hours, without calcination* *
Shrinkage
22*54
S pecific
g rav ity
5.45
a t  21*0
1410
tangent
0.026
a t  Curie Point
D ie le c tr ic
constant
7155
Loss 
tangentrMl^tMMW’r.WnWflfaCrivMi'W.T
0.017
The values in d ica ted  i n  tab le  2*4. are the average values 
obtained from the measurements o f te a  specimens, prepared in  the same 
condition  as was mentioned previously*
2. 2» 5. Cenolusi ons.
From the results obtained i t  follows th a t the ca lc in a tio n  
process lowers' the shrinkage, and increases the sp ec ific  g rav ity .
The increase o f the sp e c if ic  g rav ity  corroborates the decrease o f the 
number of in te rn a l  and ex te rn a l voids present in  a  sample. Tills re la tio n ­
sh ip  i s  i n i t i a l l y  apparent a t  lower calc in ing  temperature, and as th a t 
temperature i s  increased the dependency of the d ie le c tr ic  p roperties 
on the c a lc in a tio n  process become le s s .  F arth er, i t  was observed th a t 
the raw m ate ria ls  subjected to  higher temperatures o f ca lc in a tio n  wens , 
very hard and d i f f ic u l t  to  pulverise and s in te r .
¥ rm  the comparison of the re s u lts  obtained i t  follows th a t 
the b est temperature fo r  c a lc in a tio n  i s  about 200* -  100*0 lower than 
the s in te r in g  tem perature.
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:l # l# ; f  iia® of m illing. ©M mixing*. ■, . ■ . ■ • .
In  th#  p reparation  of ©emmlc fe r ro e le c tr ic  material® ©omposei 
of two o r more components, th e  manner in  whisk the  component® a re  mixed ha® 
keen found to  have a marked e ffe c t  on th e  d ie leo trie& l m& e le c t r ic a l  
p ro p erties  of tiio body, B alfc ln  *xA Hathaway i^ 84) bava reported th a t  
mixing the- oomponentg %  a  wet m illing  method d e f in ite ly  reduced abso rp tion ,
■ increased shrinkage and d ielectric constant# ' pie time of m illing used by 
thee# investigators was only 2 hours#
. la  th is work the determination of the effect of prolonged m illing 
and mining time on the properties of barium titam te specimens m s 
nniertaken# Consequently the following experiment. wa# ma&et- 
the components BaO # fiOg 4  SrO * )M}% in  the preferred, proportion ty . 
weight were milled and mixed* using a h all m ill, for the following tim esi 
§ , I ,  2 , 3 , 4 , i ,  3, 10, 15 and EO hours# further samples were prepared 
f t m  the, mixed powder®#, f he.dise® eorresponding to ©ask of the mixing, 
and m illing time® were ©xsmined for electrica l properties#'
2*$*1« Specimen©#
• the raw materials were- prewired in the form of powder, comprising 
particles whose sizes were in  the range o f 40- to 44 s&oroae In B$% by weight * 
flie selection of the particles* size was mad© by the ©lutriation method, 
using I M r «  water ©lutria,tor,and miorcM&iorosoop© (fisker® Projection Mis ro­
se ope)* The powder® BaO, SrO, fiQg and ifetOg in  the following proportion
by m ig h ts - '
(Ba0.4 fiC ^) . . . . . . . . . .  71 g®.
(SrO + f i0 2) . . . . . . . . . .  29 »
MhOg . . . . . * * • • •  1 **
were introduced t o ' the po rce la in  h a l l ' m i l l ' containing 150 gm. of di s t i l l e d  
water w ith 0.1# o f a d ispersing  agent and porcela in  b a l l  charge of 45 h a l l s ,  
each 1*5 cm. 'end 20 h a lls  each o f 2 ,0  era*' nominal d im e te r  resp ec tiv e ly .
The h a l l  ra il!  i n  the  form ©f a cy linder possessed the following dimensions *- 
12 cm. diam eter and 10 cm. he ig h t. As the d ispersing  agent benaalkonium 
chloride was used. During the prelim inary work the following agents were 
t r ie d  as d ispersing  medias- aerosol OT., tse p o l 410, teepo l 530 and feensal- 
konium ch lo ride . Of a l l  these the  l a s t  was found to  be best in  th is  case.
ftm  speed o f ro ta t io n  ©f the sr&ll was approximately 60 revo lu tion  
pe r minute. A fter the requ ired  time o f m illin g  as mentioned previously  
(2 .3 .1 ) ,  the powder obtained was d ried  and the  d iscs  1.5*©s. diameter and
0.05 cm th ickness were pressed a t  2 , 5^ /m 2 from i t .  Subsequently, the d iscs  
were s in te re d  &t13$Q*C fo r  2 hours; and a f te r  c o d in g  over n ig h t, s i lv e r  
e lec trodes were applied  by a  conventional process and the d ie le c tr ic  
constant and the lo s s  tangent were found a t  21*0 and a t  the Curie tem perature.
This procedure was repeated  fo r  each time o f m illin g , mentioned in  
sec tio n  2.3.1* The composition o f raw m ateria ls was the same fo r  a l l  case®.
The s in te r in g  process was conducted in  an oxidizing atmosphere. '
■ fh© e ffe c t  of time of m illing  on the- ■ d ie le c tr ic  constant;-.and the  .
: lo s s  tangent o f  th e  barium t i t a m t #  typo of specimens i s : shown. in  'Fig*2*4*
From t h e ' r e s u l ts  obtained, i t  fe llow s th a t t h e . d ie le c tr ic  constant
- " ' a t  th e  Curl© tem perature I s  Increased m  the  tim e ©f.. m illing  - i s  increased, 
'\'’y continuously up  t o  20 hours. ■ F u rther, the  d ie le c tr ic  constant a t  room
tem perature (22 °0) v is ib ly  -increases when th e  m illing  time i t  Increased
- ■ ■tip to  6 -  S-hours, but the prolonged time- - ever 10 hours actu a lly  . lowers
i t ,  ■ - - U s e  - th e  le s s  tangent -at 22 °Q i n i t i a l l y  .-'decreases a s  the- s i l l i n g
■ time i s  increased  up to  6-8 hours, a f t e r  which i t  apparently  increases*
This- has com  v e r i f ic a tio n  in  th e  ■high . r e p r o te ib i l i ty  of. the  
■■ ’results*-’ liusely , th e  samples obtained., from m ateria ls  subjected to  10
- >■ hours o f  m illin g  ■exhibited more reproducible .values: of: dielectric-., constant 
■ and lo ss  tangents than  specimens made from m ateria ls; which were subjected
■■'■•■■te'only 1 'hour of ■the m illing  p rocess# / ■
, •' .*,- f  *3*3*’ ionclusioii*
The i n i t i a l  improvement of the  e le c tr ic a l .  proj^rbieS/Of.. specimens, ■
■"■; i t 'te e m s , ■ i s  due to  an ^incrmse^of homogeneity- o f  the, r a w m te r ia l  b y ;th e :
: 'mixing' process*- ■; The c u rv e 'o f loss- tangent as a  .function 'of; m illing  time 
"■■■'at the- gu rie  p o in t' e x h ib i t s ^  sim iia r-ch a rao te r btrh.te a  l e s t  .degree ih&n,. 
•'■ ■: in ' th #  form er case . < The longer continued: g r in d in g ,; I t '  m&mr  .has- an 
e f f e c t  on th e  s in te rin g  process* '
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IfameXy# tli# prolonged time of H illing produces t o  mmllm $im of 
the particles* t o  f in e r  partic le  eases increase- the tendency tomrd*
roerystalHaailoa «$&. sintering (so# also section 2.5*)»
- t o  .increase o f t o  a poo i f  i s  gfo^rlty (fig*t*4*) e o rro h o m to  
tli© former as e m p tie s . As can ba soon from Fig*2*4. t h e  decrease o f •■ 
■, d ie le c tr ic -  constan t a t  room tem perature a s  th e  m illing  time .is. increased 
, abmr# $ hoars* m y  h® ©aeplained hy th e  change i n  c ry s ta l  grain, * i#a of - -. 
th e  s in te red  ce ram ic* : : t h i s  i s  earned: hy a change of t o  s in te rin g  : 
conditions which i s  i t s e l f : dependent. on th e  decrease in  n im  o f tho  
■ p a r t ic le s  o f  t o  myi m a te r ia ls * .. f h t  p ro p ertie s  of - Oeremi$£ consstraoted 
from la rg e  and .small c ry s ta l  gm ing were - discussed in  sec tio n  f  *T* ■ •■■ ■ ■. * 
.v ; \V From. t o a e  re s u l ts  I t  appears t o t  t o :  tim e of m illing  la  om  
of: the. few fa c to rs  which, has an  important of f e e t  on t o  p reparation  ’;
: of:-harixm;- tita n a te  ceramlaa# ■ ,.■■ -
- 8 7 -
rV :: ,, /
2 .4 . Fomlng.
The pressing  operation was investiga ted  w ith  resp ec t to  the physical 
sM  the e le c t r ic a l  p ro p ertie s  o f barium t i ta n a te  specimens. The in v e s ti­
g a tio n  of the forr&ng process was divided in to i -  ■
a ) fcnming pressure
b) time o f holding pressure .
. e )  forming temperature* ....
The e f fe c t  of forming on the physical and e le c t r ic a l  p ro p ertie s  
was examined from measurements of shrinkage* sp e c if ic  gravity* d ie le c tr ic  
constant and lo s s  'tangent.
2 .4 .1 . Specimens.
The d isc s  15 as* in  diameter: and about 0.05 cm. th ickness were 
prepared fr&a ing red ien ts  o f BaO + TiOg in  sto ieheiom etric  proportion.
The specimens *pre made in  two groups* corresponding to  the p a r t ic le  
©is® o f powders used as raw m ate ria ls . . ~ •
The f i r s t  group of specimens were prepared from the powder o f 
BaO + TiOrt* comprising p a r t ic le  sis® of the order o f 40 microns* and the
the
second one from, the same powders w ith  average p a r t ic le  sis® ofAorder o f 
1 micron.
The ©am® method of mixing the component was applied  fo r  a l l  
specimens* Namely* the powders were s t i r r e d  vigorously  fo r  two hours in  
d i s t i l l e d  w ater. Four to  f iv e  percent by weight o f d i s t i l l e d  w ater o f 
2% f& s ta rc h  suspension was incorporated in  the d ried  mixture as a pressing  
b inder by grinding fo r  a  few minutes in  an agate m ortar. The pressed d iscs
8 8
were d ried  and s in te re d  a t  1370*0, fo r  two hours, in  an cxydlzing atmosphere* 
A fter 15 hours o f cooling the  specimens were removed from the e le c t r i c ' 
furnace and were examined*5 ■ -
2*4*2, Forming pressure* ■ ; •
The ceramic s l ip s  were pressed in  an hydraulic p ress (100 ton  P re ss , 
Bichle* Bros* Philadelph ia  P. A. ) a t  d if fe re n t pressures f r m  0* 05 kg/«^  
up to  10 ^-6^2 aj. oonsta n t tsm psraturo 19*0, The time of holding the 
specimens under the peak pressure was 10 seconds. The r i s e  o f pressure 
was the same fo r  a l l  samples, about 0.125 *%4&2 per 10 seconds.
Fig* 2,5* (and tab le  Ho* 2 ,6 , and No* 2 ,7 . ,  Appendix Wo. Vih ) shows 
the dependency o f the shrinkage and the sp e c ific  g rav ity  o f barium t i ta n a te  
d isc s  on the  forming pressure , Frees these r e s u l ts  i t  follows th a t  the 
shrinkage decreases and the sp e c ific  g rav ity  increases as the forming ° - 
pressure  i s  increased  up to  1,25 -  1.5 ^ /la 2 fo r  specimens made from coarse 
powder (specimens o f  the f i r s t  group), and up to  0,25 -  0,5 fo r  samples 
pressed from fine  p a r t ic le s  (specimens of the second group). The sp e c if ic  
g ra v ity  and shrinkage fo r  samples pressed from raw m ateria ls  o f fin e  powder 
e x h ib it change as a  function  o f forming pressure to  a  much le s s  degree 
than fo r  specimens obtained from coarse p a r t ic le s  (Fig. 2 ,5*). I t  seems 
to  be corroborated th a t the degree of completeness of s in te rin g  decreases 
w ith increasing  p a r t ic le  size  of raw m ate ria ls . F a rth er, i t  seems th a t  the 
compacting pressure i s  not c r i t i c a l  in  obtaining reasonably s in te red
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-..specimens i f .  the.particle, size - i s  of the- order .of .1 micron or .le s s . ;
; v In Fig, 2,6. i s  shorn . the e ffe c t , of fo*^ng pressure on the dielec- 
■ t r ie  constant . an# th e . loss tangent, D ielectr ic  constant increases in i t ia l ly  
as the forming pressure i s  increased up to  about 1, 25 k^/a2 and 0.5 
for the specimens .of,.the f i r s t  and the second respectively. The loss 
tangent as a. function of forming, pressure exhibits a relationship similar' 
to  the former one,; The. improvement; of physicaland d ie le c tr ica l properties 
. with increased, forming pressure up to  a certain  value* .dependent. on 
. p a rtic le  sizes* i t  seems is  due to  increase, of. in te rp a rtid a  contact, 
areas, o f pressed, .materials. and thus fa c i l i ta te d . th e s in te rin g  process 
which carries on to  a more dense v itr if ic a te d  sample. ..The applications ,, 
of excessive,, pressure above. 2.5 ^ /m 2. fo r th is  kind of sample ( 0.05 cm* 
thickness ) appeared to  cause ■ cracks in  the pressed discs during the 
, sin tering  process,
' 2.4.3* Holding time of the foimlng pressure* '
In  order to  examine the e f fe c t  o f the holding time o f the forming 
pressure on the physical- and e le c t r ic a l  p ro p erties  of the barium t i l a n a te :' 
d is c s , the  follow ing expertise a t  was doneJ-
The specimens prepared i n  the way described i n 1'the former sec tio n  2 .3  
were p re s se d 'a t 2 .0 ~ k^/m2. and 1 ^/xs? fo r codrse and fine  p a r t ic le s  o f 
raw m ate ria l re sp ec tiv e ly . The time of holding the p a r t ic u la r  specimens 
under the peak pressure was5 2 sec,*  5 see.* 10 s e c . ,  30 s e c . , 1 minute*
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Z minutes and 10 m inutes. The pressed d iscs a f te r  s in te r in g  a t  1370*0 
were examined fo r  sp e c if ic  g ra v ity , d ie le c tr ic  constant and lo s s  tangent. 
Ho marked e f fe c t  on the above param eters was observed* Therefore, i t  seems 
th a t  the holding time o f forming pressure has no e f fe c t  ©a the physical 
and e le c t r ic a l  p ro p ertie s  ©f the pressed barium t i ta n a te  d iscs a t  condi­
tio n s  described above.
i*roa the p ra c tic a l  po in t ©f view, i t  was observed th a t  the 
specimen i s  e a s i ly  taken out from mould when, the time of holding 
v pressure i s  not le s s  than  5 to  10 seconds. I t  may be emphasised th a t  
th i s  time i s  dependent on severa l fa c to rs :  f i r s t  the mould construction  
i«®. the f i t  between the cy linder and mould. Secondly, surface f in is h  
o f the mould. T h ird ly , percentage o f water incorporated in  the m ate ria l 
to  be p ressed | since the moisture and a i r  must escape from mould.
2.4*4* forming tem perature.
In  order to  in v es tig a te  what e f fe c t  forming temperature has 
on the physical and e le c t r ic a l  p ro p ertie s  of barium t i ta n a te  specimens, 
the forming was conducted a t  d if fe re n t tem peratures, namely, 0*0, 21*0, 
40*0, 60* C, 80*0 and 100*0.
The d ie  was placed on the p ress in  a sp e c ia lly  designed chamber, 
which could be cooled w ith ice  and w ater, or heated by an e le c t r ic a l  
heating  c o il  and controled to  t  1*0, The experiments were made a t  
constant p ressu re , 2 .5  k g / 2m, holding during 15 seconds.
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The e ffe c t  o f the forming temperature was examined from measurements 
of sp e c if ic  gravity* d ie le c tr ic  constant and lo ss  tangent. The re s u lts  
o f the experiments are shown in  Fig*2 ,7 . (a lso  in  tab les  No.2,9 and 
No.2 .1 0 , Appendix No. VII.). From these re s u l ts  i t  follows th a t  the
d ie le c tr ic  constant and sp e c if ic  g rav ity  decrease as the forming tempera­
tu re  i s  increased  above 40* C. Also the lo ss  tangent ex h ib its  a d is t in c t  
change w ith r i s e  of the forming p ressure . This increase of the lo ss  
tangent w ith increased  temperature above 40* C, may be due to  increase 
of p o ro sity  of the in v estig a ted  specimens. Microscopic examinations 
of the specimens prepared a t  higher forming temperature exhib ited  
g rea te r p o ro sity  than specimens made a t  room farming temperature (21 *0). 
Fig*2 ,8  and F ig .2.9 i l l u s t r a te  the m icro-structure  of barium tita n a te  
ceramic prepared a t  the forming tem peratures 21*0 and 100*0 respec tive ly . 
The s in te r in g  temperature fo r  both the specimens was 1380*0. In  F ig .2.9 
large  voids are apparent. This observation i s  supported by the decrease 
of the sp e c if ic  g rav ity  (Fig. 2 .7 ) as the forming temperature i s  increased*
F ig . 2 .  8 .
M icro-structure of barium
tita n a te  ceram ic, propared 
a t  forming temperature 21*0. 
( s in te rin g  temp. 1380*0^
2 hr® .).
M agnification X 300.
95 -
2 .4 .5 . Conclusions.
1. Free the r e s u l ts  obtained i t  follow s th a t  the physical and e le c tr ic a l  
p ro p erties  of barium t i ta n a te  d isc s  improve with the increase of 
forming pressure* up to  a given value , above which the pressed m ateria l 
does not e x h ib it appreciable change. This value of the forming pressure 
i s  dependent on the p a r t ic le  s iz e s  of the powder which was taken 
under p ressu re . Namely* the raw m ateria l consisting  of f in e r  p a r tic le s  
requ ired  a sm aller forming pressure than powder comprising la rg e r  
ones fo r  obtain  the same d ie le c tr ic a l  re s u lts .
H g . 2 .9 .
M icro-structure of barium 
t i ta n a te  ceram ic, prepared a t 
forming tem perature 100#G. 
(s in te r in g  temp. 1380*0*2 h rs . ) 
M agnification x 500*
96 m
2 . The holding tin e  o f the pressure exhib ited  no influence on the 
e le c t r ic a l  and physical p ro p ertie s  o f barium t i ta n a te  ceramic.
3. The increase  o f the forming tem perature over 40*0 e x h ib its  an in c re ­
ase o f  lo s s  tan g en t, and decrease of sp e c if ic  g rav ity . T herefore, i t
maiion on heating  o f r e la t iv e ly  loose compact in to  a  r e la t iv e ly  dense, 
coherent body, u su a lly  without the formation o f g lossy  phase. I t  may 
be reached by agglomeration o f powder by v iscous, molten phase and 
a lso  by re c ry s ta l is a t io n  or re a c tio n  in  the so lid  s ta te .
The co n tro l o f the s in te r in g  process of ceramic d ie le c tr ic s  
seems to  be o f d e f in ite  importance as means fo r  obtaining desired  
e le c t r i c a l  and physical p ro p e rtie s . During th is  I n i t i a l  work i t  was 
e s tab lish ed  th a t  the e le c t r i c a l  p ro p erties  o f ce ram ic-fe rro e lec tric  
m ateria l are very s trong ly  dependent on the way in  which the s in te rin g  
process was conducted. T herefore, i t  seem to  be usefu l to  examine how
appears th a t  temperature h igher than 40*G should be avoided i f  normal 
value o f lo s s  tangent and sp e c if ic  g rav ity  are required.
2 .5 .0 . s w m a m  process.
2.5.1« In troduction .
S in te r in g , to  many in v es tig a to rs means the transfer*
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the p a r t ic u la r  fac to rs  ©f s in te r in g  influence the  d ie le c tr ic  p ro p erties  
o f prepared ceramic.
In  the course of e s tab lish in g  the influence of the  s in te rin g  
process on the  p ro p ertie s  o f barium t i ta n a te  ceram ics, the follow ing fac to rs  
were considered*
a) s in te rin g  tem perature v a ria tio n ,
b) time ra te s  o f s in te r in g  tem perature,
c ) r e s in te r in g ,
d) furnace atmosphere while s in te rin g .
2.5* 2. S in te ring  temperature v a ria tio n .
The e f fe c t  of s in te r in g  temperature on the properties o f fe rro e le c -
(71)
t r i e s  has been examined by a  number of s c ie n t is ts ,  Hamely, Harwood . 
has in v es tig a ted  pie  influence o f f i r in g  temperature on the " la ttice ' ~ >
param eter'o f barium, t i ta n a te , ' Kobayshi and Hin© ^ ^ h a v e  examined the 
in fluence o f f i r in g  tem perature in  the range 1420 >  1460*0 on the d ie lec ­
t r i c  constant o f barium t i ta n a te . ' Subsequently, Hubank, Rogers, Schilberg 
(121)
and Skoli&k have repo rted  the influence of the s in te r in g  temperature 
on the peak d ie le c t r ic  constant o f BaTiOj. Hone of the above mentioned 
s c ie n t is ts  have taken in to  considera tion  the p a r t ic le ” size  of the raw- 
m ate ria l. Also they  did not c a rry  out an examination of the physical 
p ro p ertie s  p a ra l le l  to  the e le c t r ic a l .  They say nothing about the o ther 
fa c to rs  in fluencing  the d ie le c tr ic a l  and e le c t r ic a l  p ro p ertie s  such as 
atmosphere o f s in te r in g  e tc .
■ ' *  9 8  *
For determing the -influence o f the s in te rin g  temperature on e le c t r ic a l  
and physical p ro p erties  o f ferroe lectr ics an examination was c a rried
out o f the. s in te re d  d iscs a t  various, f i r in g  temperature in  the range . 
f ro a  1260 to  1420*0*, holding the peak, temperature fo r  .2 hours, The sp se i-  . 
mens were, d iv ided  in to  two groups. The. . f i r s t  .group o f samples, was prepared 
from BaO + TiC^ powders canprising  f in s  and the o ther coarse p a r t ic le s ,  •
Specimens,--
6-roup t  «* Specimens obtained from fin e  ponders, . ' . ,
The f in e ,  about 1 - 0 , 5  micron p a r t ic le ,  pure ponders o f BaO * TlQg in  
' the stoiclS.craetrio proportions -were m illed  and mixed in  the labo ra to ry  
b a ll m ill fo r  2 hours, applying a  net method: of. m illin g , i s  the d ispersing  
agent benzalkoniua! f lo r id ©  was used, I f  te r . drying 5 per cent by weight .
©f starch, suspension ; ( 2 j '% in. d i s t i l l e d  water).was. incorporated in  the , 
mixture, and i t  was ground fo r  a, few minutes in  a agatemcxrtar, The; pressed 
discs, at. 2 ,0  Kg/m2 were dried, and s in te re d  ./at various taajperatures f re e  .
' 1260*0 to., 1420*8, The . increasing  t t o  .ra tes;o f; the ..sin tering. temperature 
and cooling were 5*8 / minute,' and 2*C/ m inute.,' respec tive ly ,
Group II  -  Specimens produced from coarse powders,
The procedure fo r  the p reparation  o f /these  .specimens .ms. the ssms.as the 
former, The p a r t ic le  s i  a® of the.-ponders used to  prepare the specimens in  
th is  case was of th e /o rd er o f kO .microns ( 85 % by weight )* '
99
l^asuram ents and R esu lts.
Measurements o f shrinkage, sp e c if ic  g ra v ity ,  d ie le c t r ic  constant 
and lo s s  tangent ware made according to 'th e  d esc rip tio n  sec tio n  2.3*1* 
(Appendix Ho. 1. ).
In  F ig , 2 .10. (Table Ho.2 .1 1 , and Ho.2.12. AppendixVH-) i s  shown 
the dependency o f the physical p ro p e rtie s  o f barium t i ta n a te  d isc s  on 
th e  s in te r in g  tem perature. From these re s u l ts  i t  follows th a t  the 
shrinkage and the sp e c if ic  g rav ity  in c re a se , as the  f i r in g  temperature 
increase . As i s  seen f ro a  the r e s u l ts  obtained (F ig .2 .1 0 ), the physical 
p ro p ertie s  o f s in te re d  barium t i ta n a te  d iscs' are apparently  dependent 
on th e  p a r t ic le  sis® of" the raw m ate ria ls .
She samples prepared from powders o f fin® p a r t ic le s  ( ^  */u )
can reach  a  good s ta te  o f v i t r i f i c a t io n  a t  a  lower s in te r in g  temperature 
than those made f ra a e o a rs#  p a r t ic le s  (40 /a ) ,  although the s in te r in g  
conditions are the same. The maximum sp e c if ic  g rav ity  i s  h igher fo r  the 
samples o f group 1 than fo r  group I I ,  in  the whole rang® o f in v estig a ted  
tem perature, (1260*C ** 1420*0). The specimens o f group I  r@ac% the maxi­
mum sp e c if ic  g rav ity  about % 73 a t  1340 -  1350*0. Hi® fu rth e r  increase  
o f s in te r in g  temperature does not ra is e  th e ir ' -specific g rav ity  but ■. 
e x h ib its  even a  sm all decrease. The s in te red  d isc s  of group I I  (coarse 
powders)'show a  continuous increase  ■ o f sp e c if ic  g rav ity  as the sin tering , 
tem perature i s  increased  in  the temperature rang® in v es tig a ted . Although
NO
*6
«
u  w rso  o::^ix^is
cO
■H
ft
CO
cO
fO
00
cm
i> ) SSraOHHS OTiOTITI
o o>
O
o
SI
NT
ER
IN
G
th e  r i s e  o f t h e i r  sp ec ific  gmirii^r abor© 1180% i s  r e l s t i f i l ^  ’pm ll*  
i&s&i* the  sp e c if ic  g ra¥ i%  o f about $*04 a t  1400%*
shrinkage I s  nearly  th e  same (about 18^) fo f  both  groove 
' i f  - sg^cimens* th#  influence o f p a r t ia l#  e lse  of raw m te r ia l s  th e  
physical p ro p e rtie s  o f  s in te re d  b&riua t i ta n a te  commie m^' he explained 
hgr considering th e  surface tension* fm m ljg  the- surface i s a s ie n  ©f & 
pty^lcXa i s  inverse ly  proportional to  th e  p a r t ic le  sig®| • th e re fo re  t h e . 
r a t e  o f  s in te r in g  mould he e j e c t e d  to  be higher f o r  th e  s m l lo r  p a r t ic le  
S ise f which m f  be oofreborated t#  m m  degree %  r e s u l ts  ©btaiset#
■. fhe d ie le c tr ic  constant and le s s  ta n g e d  as a  function  ©f th e  
s in te r in g  te i^ e m tn re  a re  i l lu s t r a te d  in  F ig*l*lJ* and i n  Fig*3.#18 
(also Appendix Ho#¥11, tab les Ho*3.1$ and l©*f*M*}
■ Tm d ie lec tric  constant a t  $nrie fe in t fo r the f i r s t  group -of 
specimens ( f im  partic les) increases as the sintering, tempemtnr® 1# 
Increased up to- 140Q°0* ftm nmm elmr&cterisbi© fo r  ©asiples of the 
second group (coarse a r t i c l e s )  i s  also  increasing with increased "■ ■ 
sintering temperature* but with a smaller ra te  of rise# At 1430% the 
cwtre d ie lec tric  constant # sintering temperature fo r the f i r s t  .group of 
spa©isms (Pig.8*lX) exhibits: decrease* and fo r the second group- a  te iy  
smXX increase*
fhe d ie lec tric  constant a t  EX°0 as a function of sintering ■ 
tempemture fo r ceramics of the f i r s t  group Increases with increased . 
Sintering temperature up to  1880%* and abo?e th is  I t  exhibits decrease* 
|F |g * i* ll)# fhe nmm e u rn  fo r the second group of specimens (coarse
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p a r t ic le s )  (F ig .2 .1 2 .)  e x h ib its  a  rise , of d ie le c tr ic  constant tip to  
1380*0 and above, th is  some decrease can be observed. Comparing th e  
values o f the  d ie le c t r ic  constan ts a t  room temperature (21*0) fo r  both 
the above mentioned groups o f specimens (Fig. 2.11 and Fig. 2.12} i t  follow s 
th a t  ceramics prepared from, fin e  powdered raw. m ateria ls  reach a  h igher 
value of. d ie le c t r ic  constant than these made from coarse powders. F u rther, 
the c h a ra c te r is t ic ,  d ie le c tr ic  co n stan t-s in te rin g  temperature, fo r  
specimens o f the second group (coarse p a r t ic le s )  i s  f l a t t e r  than the 
same curve fo r  ceramics o f the f i r s t  group.
■ She c h a ra c te r is t ic s  o f the lo s s  tangent as a  function  of 
s in te r in g  tem perature fo r  both the groups of specimens possess s im ila r ■ 
re la tio n s  but the values fo r  the f i r s t  group of specimens are much h igher ' 
than fo r  samples prepared from coarse powders, in  the temperature range 
from about 1360 to  1420*0 (F ig .2.11 and Fig. 2* 12). From the represented 
r e s u l ts  in  f ig .  2.11 and Fig. 2.12 i t  follow s th a t  i n i t i a l l y ,  as the sitw  
te r in g  tem perature increases the lo s s  tangent decreases as the proper ■ 
v i t r i f i c a t io n  i s  approached and then  i t  increases. This re la t io n  i s  more 
v is ib le  fo r  ceramics in the second than  in > the f i r s t  group. Farther, 
d iscussion  on th is  problem i s  c a rr ied  out in  sec tion  2 .7 . o f th is  th e s is .
1® -
2.5*3* ' ' ■' T im s-rates of s in te rin g  tem perature. .
I t  was observed during th is  work th a t  the ra te s  o f r i s e  and 
f a l l  o f  the  s in te r in g  ■ temperature have an e f fe c t  on the p ro p e rtie s  of 
f e r ro e le c tr ic  d isc s . T herefore, in  order to  examine the influence o f 
the time r a te s  o f change o f s in te r in g  temperature on the p roperties 
o f barium t i ta n a te  d is c s , the increase  and the decrease of the f i r in g  
temperature were co n tro lled  over a wide range. As f a r  as i s  known no 
published work re fe rs  to  th is  m atter. ..
a . /  . Increase o f s in te r in g  tem perature.
The specimens of barium t i ta n a te  in  the farm of d iscs (1 .3  cm. 
diam eter and 0.05 cm. th ickness) prepared in  the conventional method were 
s in te re d  a t  1400*0, fo r  2 hours; applying various time ra te s  of increase 
o f the f i r in g  tem perature. The whole range of the investiga ted  s in te rin g  
temperature from 100*0 to  1400*0 was divided in to  two p a r ts ;  the f i r s t  from 
100*0 to  1100*0 and the second frcm 1100*0 to  1400*0. The furnace used 
i n  th is  case was a  tube e le c t r ic a l  fu rnace, described in  appendix No.2.
The prepared specimens were divided in to  th ree  groups according
to  the sarwe ra te s  of increase  of the s in te r in g  temperature to  which they
were subjected . Hie follow ing groups o f specimens were considereds
Group I .  -  the specimens, fo r  which the s in te rin g  temperature
fro© 100*0 to  1100*0 was increased  w ith the time ra te  
o f 2 * 0 / m inute.
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Group I I . -  the  specimens, fo r  which the s in te r in g  temperature 
frcm 100*0 to  1100*0 was increased w ith  the time 
ra te  of 10*0/ minute. ,
For the above groups of specimens the  time ra te s  o f change the tem perature 
from 1100*0 to  1400*0 was 2*0/miaut©.
\  Group III.. -  specimens, fo r  which the  s in te rin g  temperature 
fro® 100*0 to  1100*0 was increased w ith  the time 
■ ■ ■- r a te  ©f 2*0/ainute. 
v Further*, the. temperature 1100*0 was m aintained fo r  one hour and then  
i t  was increased  a t  2* C/mirrate to  1400*0.
During the  holding period a t  1100*0, the v o la ti le ^  are 
com pletely burned o f f  before the body becomes to© so lid  and a  more 
uniform product i s  obtained, th e  f a c t  th a t  the volatile®  are burned 
o f f  a t  th is  temperature was checked many tim es.
the  raw m ateria ls  used fo r  the specimens possessed the same 
chemical com positions, im purities  and approximately the.same p a rtic le  
s ize  o f o rder o f 40 microns* After- s in te r in g  the electrical furnace 
was switched o f f  and the specimens were subjected  to  n a tu ra l cooling 
over-n igh t. ' '
A fter cooling the specimens were subjected to  examination 
fo r  shrinkage and sp e c if ic  g rav ity  o f .19*0 , and d ie le c tr ic  constant 
and lo s s  tangent a t  19*0 and a t  the Curie temperature. Ih© re s u l ts  are 
l i s t e d  i n  tab le  Ho.2 .1 5 .,  which rep resen t the average values from, f iv e
— 1©7 m
samples frcm each of the groups* The d ie le c tr ic  constant and the lo s s  
tangent were measured a t  frequency 1 KC/S. and e le c t r ic a l  s t r e s s  
5*05 V/cra* (see a lso  appendix N o.1.).
f a U t  2 .15.
e f f s c t  o f h is s  o f m s  s im m x m  m m m m m  
m  m s  HtofSRnsa o f barium T u m m  ceramic. .
Group o f
specimens■
Shrinkage
Jf
S pec ific
g rav ity
D ie le c tr ic  constant Loss tangent
a t
19*0
a t  Guide 
temp.
a t
19*0
a t  Curie
....temiv.._ ...
I . 15. V 5.67 2015 7460 0.027 0.016
H . 15.3 5.58 1793 7812 0.025 0.017
i n . 15.9 5.70 2215 8945 0.o19 0.014
From these r e s u l ts  i t  follow s th a t  the b est p roperties  are 
exh ib ited  by the group I I I  specimens. The d ifferences o f e le c t r ic a l  and 
physical p ro p erties  between groups I  and I I  are not v is ib le . But the 
d ifference  in  p ro p ertie s  between the group I I I  and the two o thers i s  appa­
re n t . F u rth e r, the specimens o f group I I I  were uniformly s in te re d , f l a t ,  
and had a h igher rep ro d u c ib ility .
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b /# Decrease o f sin terin g  temperature -  cooling.
The influence o f the cooling process on the properties o f barium 
tita n a te  d iscs was investigated  in  a sim ilar manner to  the increase o f 
the sin terin g  temperature* Ifamaly, the whole range o f cooling temperature 
frcm 1400* C t© 100*0 was devicled in to  two parts I 
a /  from 1400*0 to  800*0
and b / from 800*0 to  100*0
Accordingly, the follow ing groups o f specimens were examined*
Group I  <* specimens subjected to  cooling froa 1400*0 to  800*0 with the 
time rate o f 1*0/minute. *
Group I I  -  specimens subjected to  cooling fro® 1400*0 to  800*0 with the
time rate of 10* c/m inute, by means o f a stream o f oxygen flowing 
over the samples. The time rate of decreasing temperature frcm 
800*0 to  100*0 was about 2*C/minut@ for both the groups.
Group I I I  * specimens subjected to  cooling from 1400*0 to  800*0 as for  
group X, but the f a l l  o f temperature from 800* C to  100*0 was 
conducted a t l0*0/5alnute.
The raw m aterials and the procedure o f preparation o f the specimens, 
were the same.as that described in  section  fa”
- ; The resu lts  o f the measurements are tabulated in  table Ko.2-.ifc.,
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f a b l e  No.2.16.
EFFECT OF COGLBTG- PROCESS ON PROPERTIES OF BARIUM TITANATE CERAMIC.
Group Shrinkage Spsoifio D ie le c tr ic  constant Doss tangent
% g rav ity a t
19*0
. a t
Curie tern,
a t  
, 19*0
a t
Curie temp.
I . 15.71 5.68 2280 9150 0.016 0.01
I I . 14.80 5.65 2018 7824 0.028 0.018
H I . 15.69 5.70 2264 9080 0.018 0.008
Prom, the  r e s u l ts  represented  in  the above tab le  i t  seems th a t  the 
d if fe re n t  time ra te s  o f cooling over the temperature range frcm 600* C to  
100*0 do no t e x h ib it a  v is ib le  e f fe c t  on the p ro p ertie s  o f barium t i ta n a te  
specimens, (group I  and H i ) .  But, cooling in  the range from the f i r in g  
temperature i . e .  1400*0 to  800*C e x h ib its  a noticeab le  e f fe c t ,  (samples 
o f group I  and I I ) .  Namely, shrinkage, sp e c if ic  g rav ity  and d ie le c tr ic  
constan t are h igher fo r  the specimens ©f group I  and I I I  than fo r  the 
group I I .  But the g re a te r  e f fe c t  ©f the slow cooling i s  seen in  the 
decrease o f the lo ss  tangent (group I  and I I I ) .  The specimens ©f group I  
and I I I  e x h ib it a  lower lo s s  tangent compared with the samples of the 
second group.
i
*  1 1 0  -
t h i s  cbssjfttetim  ra is e s  the  question m  to  what ac tu a l range o f 
c o d in g  tenperaturo  Influences the d ie le c t r ic  p ro p e rtie s . Hanes, the  ,. 
fo21cM.Bg exgoxim nt was macla a
. the discs, of fesriiti titaimt# (1.5 c®. diameter and 0.03 thick** 
mss) wort 'slatsvcMl at 1400*0 for two hairs, Increasing the sintering 
ttB^oratm m  f o r  the  ©pectens o f the third group. ,
- . , ■ 0u% stq:«Btiff ' th e  spedssena wort subjected to  Vm cooling process 
w ith  the  time r a t e s ,  0 ,5 * 0 / j& m ts* l i i  the f  filming. terapevatove ranges?
1) 1400*0 ;. to ' '800*0
s ) 1400*0 - to 900*0
3) 1400*0 to . 1000*0
k ) 1400*0 ;t0 , 1100*0
5} 1400*0 to 1200*0
6} 1400*0 ■ to 1500*0
According to  thos# ranges of tenoperatorss the spec to n s  wore- ■ 
divided in to  6 groups, fh# further, cooling process. down to . 100*0 was 
conducted under natural ced ing . After cooling the spadmens we vs sub­
jected to examination fcr shrlnka^ ard spcdfi©  - gravity- at 19*0 ,  and 
dielsctrlo. .eGmtent s i i  lo ss tangent &t19*0 and at the Curio temperature, 
The'results of the'raastjrassats m m  tabulated in  table Mo,2# 17. Fraa the 
represent©! data in  tables 2.16 and 2,1-7 I t  fe llo es that tfcs "daaracts- 
rlsti©*1 cooling temperature- up to  whidh the dielectric properties are ,
- 1 1 1  -
influenced i s  in  the r a n g e l000*0 -  1100*01 below th is  range ©f tempera­
tu re  the cooling process seens to  have neg lig ib le  e f fe c t  ©a the d ie le c tr ic  
p ro p e rtie s  o f s in te re d  barium t i ta n a te  specimens.
T a b l e  Ho.2.17.
EiTEGT OF CQQLIKG CM .THB m o m m a s  OF BARIUM TXTAHAES CBEMIO.
Group Range o f  slow cooling temp. 
°0*
Shrinkage
%
S pecific
g rav ity
H e ie c t r ic  const. Loss tangent.
a t
19*0
a t
Curie
temp*
a t
19*0
a t
Curie
tenm.
I 1400 *  800 15.75 5.74 2218 8980 0.012 0.009
I I 1400 -  900 15.75 5.74 2160 9130 0.013 0.018
I I I 1400 * 1000 15.75 5.75 2280 9415 0.011 0.017
IT 1400 -  1100 15.60 5.72 2105 8620 0.018 0.012
T 1400 -  1200 15.45 5.67 1843 8345 0.024 0.016
VI 1400 -  1500 15.40 5.68 1720 7836 0.027 0.016
The r e s u l ts  l i s te d  in  tab le  Ho. 2*17 rep resen t the average values 
from fiv e  samples from each o f the groups.
From the re s u l ts  obtained i t  follow s th a t the time ra te s  o f increa­
sing  and decreasing o f the s in te r in g  temperature have some e f fe c t  on the 
p ro p ertie s  o f barium t i ta n a te  ceramic* The slow increase o f the s in te rin g  
tem perature in  the v ic in i ty  of the peak f i r in g  temperature (group I I I  of 
specimens, Table 2*15*} tends to  prevent o v e rf ir in g , and s l ig h t ly  improves 
the physical and e le c t r i c a l  p ro p e rtie s .
1 1 2
The slow cooling  up to  the " c h a ra c te r is tic "  temperature impresses the i n ­
v is ib le  p ro p ertie s  o f barium t i t a n a t e , specimens*- ■ This, is- p a r t ic u la r ly  ■ 
seen in  the decrease o f the lo ss  tangent* ;
This phenomenon may have seme explanation in  the e ry sta llog raph ie  
process which occurs during the t r a n s it io n  from, the sem isolid to  so lid  
s ta te  o f s in te re d  ceramic specimens* (see sec tio n  2*6 ).
\
- 1 1 1  -
2*5#W ’ ; B esin te ring .
. In  ■, .order: to... examine rh a i  e f fe c t  re  s in te rin g  ■ has ■ on ■ the - p ro p erties  
i o f barium t i t a n a t e , ceramics , the specimens o f t h i s  -m aterial were - subjected 
■to - a  few : successive re s in te r in g s . M . f a r  as is known • no work - m  th is  sub ject
r7 -
has been::published* v . 5 , .*
'Specimens.
■ The specimens .were prepared, frern very  pure (0.02^, im parity), compo­
nents 5 BaO ♦ fiOg in  sto icheiom etrie  proportion* Th@ convent! onalm etho& of 
p repara tion  .was used* The p a r t ic le  : s ize  s  of raw m ateria ls  were :about 40, ■ 
microns in  8Q$ by.weight*...She samples.,w ere,divided in to ;th e -fo llo w in g ;
grOUpSt. ; |
Group I  «*.; samples prepared as above, were s in te red  a t  1400*0 fo r  
2 h rs . in  ox id ising  atmbsphere*-: The r i s e  o f . teap e ra ta -
re  was 350*C / j ^ a n d  cooling 90*G/| ^
v . -
;■ GrotpXX.' * samples o f th is  group were obtained from s in te r e d 1
specimens o f group I  by grinding and pu lverising  them* 
to  approximately the same size  of p a r t ic le s  (40 mic­
rons) as before (specimens of group X).
Subsequently, the m ate ria ls  so obtained were pressed in to  the 
form o f d isc s  (1 .5  ©a diam eter and about 0.05 cm* th ickness) and s in te ­
red  i n  the same conditions as the samples o f  group X*
M l$ W  t  m m  i n  % s im ila r  to  group tX fey .
t t » i # ■ ffeusr cssdi tlm  rnmmsBim. s in te r in g  pvmomm mwg&ot%mX%
• She ■p££fo&m& aim ufm m  m m  r^ js e t@ I  to  op»«lfl<»
grar&ty# d ie le c t r ic  constan t a n i  lc®». t&c©6&t, ( sec t-ppndiie ! iM )*  «a& 
{©@c «$p$n3i* $o* HI- }* 5fec v a u l t s  «$» l i s t e d  i n  tab le  ■
s&  ®*wi
f a b l e  2 .18.
/HWBffiOIBS OF MHUJM TIT£BX!1I OERMJUG AS 
A FUWTIGN OF MMSER OF EBSHfflRIHS PROCESSES.
Group of
specimens
S pecific
g rav ity
Diameter
o f  ’ average
gra in
D ie le c tr ic  Constant Doss Tangent
a t  20* 0 a t  Curie 
Point
a t  20*C a t  Curie 
Point
microns
1. 5.64 75 2415 7805 0*0120 0.008
H , 5.68 10$ 2380 9812 0.010 * 0.006
1X1. 5.76 ■130. 2265 10115 0.0140 0.009
XV* 5.®) 150 2080 11620 0.0135 0.012
V 5.73 165 1840 11200 0.0017 0.015
Frequency 1 ko/S | E le c tr ic a l  s t r e s s ,  B » 50 ^/c®*
i s  i s  seen from the above ta b le ,  the values o f the d ie le c tr ic  
constant fo r  the various group o f  specimens d i f f e r  considerably in  sp ite
■’o f  .the  f a c t  th a t  th e  m ateria ls  used f o r  the  p repara tion  ©f th e  samples 
w ere ' the  earn . -'Alee m  im parities. of foreigh'&feoms could e n te r  in to  th e  
since th e  specimens were s in te re d ' m  a  p la te  of'©©rami© of the  
■"eaiae.'©^>deition* ’ "  '
f!i# d ie lec tric  constant a t  the Curie point 'increases' with the 
' increasing number of sinterings carried o u t. ' ' lie© th e  specific gravity 
increases &s the member of sintering processes is  increased, up; to  four 
' -feitafts*' ' This increase Ms mot apparent fo r  esfSmlt*' eut|eeted to  fiv e  re** 
sintering processes, as is  seen from the resu lts  represented in  table 
Ho.2*18# ''the d ie lec tric  constant a t  room teispembure decreases as the 
number o f ' r e s i^ e r iu g ' processes i s 1 increased ' ( ta b le  lb *1*18*) V_Wm 
Inf3mm® of t o  xsnabe’r  o f : sinterings on the loss t a l e n t  is  ra ther mmlX 
as is  seen from the re su lts  shown in 'ta b le  E©*2.18*
In Fig *2 #13 .( tab le  Ho #219 * .appendix Ho*TlI) is'she?.® the ■ 
dependency of the d ie lec tric  constant and the loss tangent on temperature 
■: fo r  cersasios'csf groups i  and If# ;'Ms is  seem from grains repi^sented in  
’ 'Hg*2*18*i' it 'fo llo w s that*. In general* the number of resintering 
■’ ftm m m k  has a  email ' influent# on the clmracter of the difXectri©'
: cone ta#  aM the lose tanged* tu t' i t  does have some effec t on t h e i r . ;
' absolute' values*' particu larly  on the d ie lec tric  constant In the  v ic in ity  
;V of .'it# 'peak*' ; ' fheM oss'tangent decreases from. 2Q% w ith ' increasing 
tempemthre* reaching a  'mminEim between BO 4 S0d0* and la te r  I#  increases* 
reaching a m&irambelow the 0mri#; point# . This ' s # «  to  he
' shifted' to  a  higher temperature.-’ as the mmabaf of resinterings Is  is©teased*
Fig. 2*13. DIELECTRIC CONSTANT AND LOSS
TANGENT FOR CERAMICS OF GROUP I  AND IV10 000
JUNCTION OF mTERATURE,
9 o o o
Sample of group I  ( re s in te re d  anoe ) 
Sample o f group IV ( re s in te re d  four 
times ).
Preq. 1 Kc/s. ; E= 3^*0 V/can. r , m. a
0*03
3ooo
o -o i
0*01
60 1208o ioo i
raiESRATUHE ( ° C ,  ).
zo
,l< A
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Tm  m m m  o f m m m m m  cm r a  o f
BMXtSM TITMAT13 CERAMICS.
Hge 2.14a*
M ero -s trn c tu re  o f a  sgjooimm 
of group 1 ( re s in te re d  one© )* 
Diameter o f average g ra in  75/M, • 
M agnification y  43©.
H g . 2 « m .  
M ero-stracture of a speeia»n 
o f grew?? 17 ( resintered four 
tim es )•
^ r a g .g r r t a X S O  * .  
Magnification X 200*
The tsteQ-ex&BdJ&tiGS* has. given  evidence o f th© grorfch o f cry sta l grains 
as the number o f  resin terings i s  increased* In  tab le  2*18. are given the 
d isaster*  o f  the; average: cry sta l grain as a function o f number o f resin ­
ter in g , frem which i s  seen that the . average grain apparently increases 
as tfa* am ber. of' resin terings i s  Increased* Fig, 2,14a. and Hg* 2,14b. 
show the sdcr ©-structure o f  harim  titan&t© ceramic subjected to  d iffe ­
rent numbers o f  resinterings* I t  was observed that, voids and grain boun­
dary areas reduce as the> sintering' processes are increased* th is  obser­
vation* i s  evident In  Hg* 2.14a and Hg* 2,14b.
- 1 X 9 -
2.5*5* ' S in te r in g :la  co n tro lled  atmosphere*...
I t 'has' been known fag* ■ a long time; tha t' r u t i l e ‘darkens :e& heating  ■.'■;?
(195)above 1500* C and th a t  the blue -  dark phase i s  a  semiconductor. The 
problem o f the r s  duct ion o f Ti02 when heated In  a i r  was in v es tig a ted  by 
Maylor ^ ^ a n d  Junker f t m  th e i r  work i t  follows th a t to  prevent
the form ation o f any lower oxides than I  i02 , the s in te rin g  process should
be ; conducted in  an oxidizing "atmosphere.  ............
In  o rder to  fin d  the e f fe c t  ©f various atmospheres during the s in te -  
■ rin g ' process' on th e ‘ p h y sica l■ and e le c t r i c a l  p ro p a r t ie s :o f barium- t i ta n a te  
d is c s , the follow ing experiment was conducted5
About 200 specimens were prepared from BaO ♦ TiO^ powders in  ‘gtoieheicma-
t r i o  proportion  by weight* The raw m ate ria ls  were sieved through 325 mesh
screen,' Bixing o f  components was accomplished by wet m illing  ‘w ith subset
quent drying and p u lveris ing  o f the body p r io r  t© tempering and forming.
Subsequently, the specimens in  the  fona o f 'd is c s  (1 ,5  diam eter and 0,05 cm,
.th ick n ess) were. subjected .to  a  s in te r in g  process in v a r io u s  &tiaospher©4 , .
and a t  d if fe re n t  f i r in g  tem peratures, Tkm time of holding the peak f i r in g
temperature was the same fo r  a l l  specimens i . e .  2 hours. In  th is  experiment
a  tube e le c t r ic a l  furnace was used, The d e ta i ls  of i t s  construction  i s
described in  the appendix Ho, I I .  The s in te r in g . was conducted under no r- ';
mal atmosphere conditions and in  the follow ing atmospheres: oxygen, c a r-
—2bon monoxide, n itro g e n , argon and in  a  vacuum ©f 10 ism Eg,
- 120-
B esu lts ,
The s in te re d  a isc s  wer® examined fo r  shrinkage, sp e c if ic  g ra v ity , 
d ie le c t r ic  constant and lo ss  tangent, Th® two l a s t  fa c to rs  war® measured 
a t  21*0 end a t  the Curie tem perature, The r e s u l ts  were tabu lated  l a  tab le  
■ No, 2,19,' A comparison of the physical and e le c t r ic a l  r e s u l ts  of the spe­
cimens f i r e d  in  atmosphere o f  n itrogen  and . argon gas w ith the same tempe­
rature in  ambient atmosphere shows th a t  these gases have no noticeab le  
e f f e c t  on s in te r in g . F a rth e r , the r e s u l ts  in d ica te  th a t  s in te r in g  conduc­
ted  in  a  stream  of carbon monoxide produces ceram ics, whose physical 
p ro p e rtie s  are  s im ila r to  those obtained in  ambient atmosphere, but the 
e le c t r ic a l  p ro p e rtie s  are d is s im ila r . Namely, in  th is  case the specimens 
: exh ib ited  higher d ie le c t r ic  constant and lo s s  tangent. I t  i s  possible  
th a t  carbon monoxide atmosphere reduces some TiC^ and due to  th is  causes 
h igher d ie le c t r ic  constant and lo s s  tangent. The ceramics s in te re d  in  
on oxygen atmosphere exh ib ited  the optimum p ro p e rtie s , comparable w ith 
those obtained w ith ambient atmosphere, and in  vacuum. This ©ay be due 
to  the preven tion  o f the form ation o f lower oxides. The ceramics s in te red  
in  vacuum exh ib ited  lower sp e c if ic  g ra v ity  i n  comparison w ith those speci­
mens which were f i r e d  in  the in v es tig a ted  gases. I t  appears th a t  th is  
phenomena may be explained by the in te rn a l  pressure in  closed pores of a 
s in te re d  ceramic. Namely, i n  vacuum which i s  r e la t iv e ly  free  of gases, 
the evolu tion  o f gases from oxides i t s e l f  ( raw m a te ria ls )  a t  high tempe­
st:- 1
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T a b l e  No, 2,1%
VARIATION IN THB PHYSICAL AND SISCTHICAL PROPERTIES OF BARIUM 
TXTM&® SPECIMENS WHEN SINTERED AT VARIOUS mffiE&ATUHES AND
ATMOSPHERES.
S in tering Atmosphere Shrinkage S pec ific D ie le c tr ic  const. Doss tangent.
tamp,' in g ra v ity a t a t a t a t
S in tering % 21*0 Curie 21*0 Curie .
temp. temp.
1325 14.2 5.53 1490 6120 0.020 0.014
1350 Normal 14,4 5.55 1675 6210 0.018 0.016
1375 atmosphere. 14.8 5.58 1715 7430 0.019 0.0101400 15.0 5.66 1965 8910 0.017 0.003
1425 15.2 5.69 1720 9315 0.019 0.016
1325 14,1 5,51 1810 8120 0.020 0.018
1350 Vacuum 14.3 5.53 1940 8510 0.019 0.017
1375 14,6 5.56 2160 8905 0.016 0.012
1400 10* Em Eg, 14.8 5.59 1915 9210 0.018 0.015
1425 15*1 5.60 1810 9530 0.021 0.017
1325 14,5 5.54 1740 7980 0,017 0.012
1350 15.1 5.61 1940 8630 0.013 0.009
1375 Oxygen, 15.4 5.65 2150 8970 0.012 0.008
1400 15.5 5.68 2290 9330 0.014 0.009
1425 15.8 5.69 2020 10015 0.017 0.010
1325 14.0 5.49 1780 8430 0.035 0.023
1350 Carbon 14.2 5.52 1820 8850 0.035 0.025
1375 monoxide. 14.4 5.55 2190 9240 0.033 0.021
1400 14.6 5.57 2330 9950 0.035 0.023
1425 14.8 5.58 2560 11025 0.040 0.028
1325 14.1 5.48 1510 6130 0.023 0.013
1350 14.3 5,51 1620 6710 0.021 0.016
1375 Nitrogen, 14.6 5.53 1695 7460 0.018 0.012
1400 14.8 5.56 1730 8010 0.020 0.015
1425 15.0 5.58 1680 8680 0.024 0.018
1325 14.3 5.50 1500 6050 0.020 0.014
1350 Argon, 14.5 5.53 1610 6180 0.019 0.013
1375 14,8 5.54 1770 6820 0.020 0.018
1400 15.1 5.68 * 1810 7410 0.021 0.010
1425 15.3 5.60 1760 8940 0.024 0.020
Ereg, 1 E e / s . |  E .  50y/  C B .J  Tan®, t  s  19*0.
m im m  would omm- the  occurrence of & great©# pressure w ith in  th e  . 
c losed pores than  would bs found on th e  ou tside , This. In te rn a l p ressu re , 
. t o t t s f -  s l ig h t# can tend to  counteract the- increasing  d en sity  of th e  
spec t o n .  I t  ©eems th a t  t h i s  th e o re tic a l  estim ation  i s  corroborated by 
e x p s r to n ta i  r e s u l t s ,  A comparison of th e  values of shrinkage# sp e c if ic  
gravity# d ie le e tr ie  constant and lo s s  tangent obtained fo r  sam ples- 
s in te re d  In  n itrogen  and. argon, and for those f i r e d  to  the  same tem perature 
lm aga&iemt atmosphere# showed th a t  the## gases had no no ticeab le  of fo o t cm- 
t t o e l to f i n g * -
■ I t  was observed th a t  th e  spec t o n s  s in te re d  in  oxygen#- argon : 
and m em m  exh ib ited  a  high- degree of reproduction in  comparison w ith  
th a t  obtained f o r  samples f i r e d  in  ambient atmospheres, I t  stems th a t  t h i s  
may'be due be th e  presence of d if fe re n t  gases in  ambient atmosphere# which 
ta n  hare  an In fluen t#  on th e  c ry s ta l l i s a t io n  o f  ceramic 'during the  
sintering- p rocess. Namely# the  t o t a l  vapour pressure - of, c e r ta in  gases . 
e©stained in  ambient, atmosphere may in fluence th e  form ation of th e  
c*y s ta llog raph le  s tru c tu re  and#of course#on th e  d ie le c tr ic  p ro p ertie s  
.of th e  s in te re d  spec to n e *  ■
1 2 >
2# 6. E ffec t o f c ry s ta l  g ra in  s iz e  on the p ro p e rtie s  o f barium 
t i ta n a te  ceramics*
2*6,1, In troduction .
fturing th e  p repara tion  o f  f e r ro e le c tr ic  m a te ria ls  i n  th e  p o ly c r y s ia l l to  
phase i t  was found th a t  c ry s ta l  g ra in  s iz e  has seme e f fe c t  m  th e i r  pro­
p e rtie s#  Therefore,  aa in v e s tig a tio n  in to  t h i s  re la tio n sh ip  was undertaken. 
This was considered i a  two p a r ts .
H r s t ,  th e  fa c to rs  which influence the  growth o f c ry s ta ls  in  
the barina  t i ta n a te  p o ly c ry s ta llin e  ceramics were examined*Subsequently, 
on the  b a s is  o f  the  r e s u l ts  obtained in  the  f i r s t  p a r t ,  spec t o n s  w ith  
various s ize  ©f c ry s ta l  g ra in  were prepared and th e i r  p ro p erties  were 
investigated#
2.6,2* fa c to rs  in fluencing  the  c ry s ta l  growth#
In  order to  in v es tig a te  the fa c to rs  which may have an e f f e c t  on 
the c ry s ta l  growth many specimens o f bariua  t i ta n a te  were prepared in  the 
form o f  d is c s , involving d if fe re n t  v a ria b le s  sud i as s in te r in g  tem perature, 
p a r t ic le  s iz e  o f raw m ate ria ls  etc*
The photomicrograph!© exam ination v e r if ie d  th a t  the c r y s ta l l i t e  
growth o f barium t i ta n a te  ceramics i s  dependent on the follow ing fa c to rs , 
among, others?
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;/■ a ) S i n t e r i n g  ■ tem perature • 
b ) holding (soaking) time o f the s in te r in g  tem perature.
©) cooling process.
d) p a r t ic le  s ize  o f the raw m ate ria ls .
e )  ad d itiv es  introduced in to  the  raw m ate ria ls .
These fa c to rs  mentioned above w i l l  be considered in d iv id u a lly  now.
■ '-■<■■■', a /  - Wintering- t e m p e r a t u r e . ■; ■ v - jV •
The ceramic specimens in  th e fo rm  of d is© s(l,5  cm, diameter and 0 ,1  cm, ■ 
th ic n sss )  were- -prepared f ro a  very  pure ccmpcments o f  BaO 4 TiO i n  s t o i -  ■ 
Cheicmstric p ro p o rtio n  by weight. The raw m aterial- '- powders comprised par­
t i c l e s  o f ’th e  o rder ©f 40 microns ( 8C$> by w eigh t). Applying' th e  'ccenren- 
; tiem al method' o f preparation,specim ens- were s in te re d  in  normal; atmosphere ' 
a t  v a rlo ia  tenperatures*  1260 C* 1300 0 , 1340 0 , 1360 0 , 1330 0 , and 1400 C ., 
f o r  2 hours, f lu x es ©r o ther sp e c ia l  ad d itiv es  mm- not introduced to  the 
raw m ate ria ls  i n  o rder to  prevent masking th e  c ry s ta l  growth- due to  tempe­
ra tu re  r ise . ,
. . ., The s in te re d  specimens ware. sub jected  to  micr ©-©xamination
( see  appendix Ho.; I I I . ) .  I n . f ig ,  2 ,15. a re  th e  m icrostructu res o f 
ceramics s in te re d  a t  v a rie d -  tessperatures, ihosa the- .photomicrographs rep re­
sented the  growth of c ry s ta l, g ra in s as sin tering- temperature progresses 
can be e a s i ly  observed, The values o f average g ra in  s ize  as a function  ©f 
the peak s in te r in g  tem peratures were p lo tte d  i n  f ig .  2 .16, As can be seen
Sintering temperature 1300 0 0 . 
Soaking tiros 2 hrs*
Biaaotor o f average grain  
M agnification X  500#
Diameter o f average
M agnification x 50Q»
S in tering  temperature 1380*0,
*W7~
f*
S in tering  tem perature 1400*0* 
Soakiag time 2 h rs .
D isaste r o f average g ra in  Q5^ u « 
M agnification x 500*
frm . th i s  graph the average g ra in  sis© increases in  the temperature rang©
ffcm 1260 C. to  1330 0. ra th e r  slow ly and from 1380 0. to  2400 0. apparen- 
k
t l y  am?© quicjj.y. Comparing these r e s u l ts  w ith  the  values o f the sp e c if ic  
g rav ity  represented  in  H g . 2*10*, i t  follow s th a t  the rap id  increase  of 
g ra in  growth becomes v is ib le  a f te r  the  maximum of sp e c if ic  g ra v ity  o f the 
ceramic has been developed*
h. Soaking time of s in te r in g  temperature*
She d isc s  of barium t i ta n a te  prepared as p rev iously  described ( paragra­
ph a o f th i s  sec tio n  ) ,  were s in te re d  a t  1400 0, fo r  1 /2 , 1 9 Z9 3 , 4 ,
6 and 10 hours 9 in  the ncsnaal atmosphere* Subsequently, tbs s in te re d  cera­
mics were subjected to  microexamination ( see appendix No* I I I ) .  The r e s u l ts
     ' J
J ig . 2*16. EFFECT OF 3TET23IKG TEOTSATUHE ON TEE CRYSTAL 
GSAIN SIZE CF BARim: TITAEATS CERAMICS*
A -  Cor and cs prepared frcra coarsa powders 
B C e r a i a i c s  prepared fran  firie panders .
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SOAKING TIME ( HOURS ) .
©# %hmn fnmSMBMimn m m  g im n  I a  Hg* 2* 1f and 2 .18 . t&% t o  f i r s t  
■_ are chosen Hi# ^l@ r©itn»tiw ®t mmm&m sintered at scmiattfc p#ak 
y t ^ p r a t * ^  soaking tim es, t o  second ©ns* g l« t*
t o  m%a t i « M p -  ba toem  c ry s ta l  g ra in  nils# and t o  Bonking tim es a t .. 
oiiBtam t p o a k .te m fo ra tw .’ ■ ; : ' /"
' - ” tf»e
.■-.; W m  tM m  res'olts Obtained in  th is m @ tim  (b) .siad^ctwer 
: cm  (& ) i t  .that * t Xcmr ts^ ra to ro s ana g t e t o  sintering'
■ interval's tli# crystal remaiiied sm all. grslo^bcM&dary arses «*r* rolati** 
w ly  largo  and tor#  wor# v is ib le  nomeroas voids (3$gr'|i3£**lVM t*# ■
: and fig , i , l i  a) is  'to  i t o ;  of peak sintering is  torsasod*
^grains icm m i larger, mith im pwoi irain^hcwdary' conditions* and t o  
. einferad mree&m, mack m  c®t$mm ooMiiion { fig . f.1?© and &,). For-- ■ 
t o r  to rso s#  of t o  soaking t t o  im m m m  t o  s t o  of grains to  a 
f o t o  t o r s  t o  strnofcors bmmm& impaired and t o  edges. a t  grain b©*an~
. d a n s #  t o r s  mmm%  g ra in s  J o t e d  t o o n s -  more visAIXs ( H g . 2.17#.5# 
fhAs causes an immm® An t o  niii^r of voids. At X®r#r tft^ratom r 
sni to r t  soaking too* t o  osrsmto consists of etasslX grains about 5 ■
' to  ID sd o rn . In sis# , Amongst to t#  mm Interspersed s. ftnr largs grains 
or group* o f grains f  Hg*XS©*d. and Hg»X?a.)« Small grains k f t  not 
to n  ofessmd to groi? mod# show 10 sdesrsos*- t o y  disappear mainly by 
sgglcm sratl® with a larger grain thereby making t o t  grain s t ill , la r - . 
gar C lig . 217#*). tom  t o  larger grains reaahad an. m ragi sis# ©f 
■: t o  order ©f 100 microns, to . ceramics contained a sasgXigiblt number of 
small: g ra in *  ( f ig , 1.17d and #*). '
gn—  --------------- ------------
~ W '
£Xg* 2 . X?* Bfg&ot of soakXag t&ae m  the miaroetruatiire of
M ss l^fe In*#
^l,#6ttt#y o f  ws^ tir88® {pNSXit 4f5yw * 
HagBlfleatioox fOO*
b .
$ t» toxftqg  toa^orataape X400°C*
'3&9£Qul|§ v*0S <1» P3T#
T*tamw* frit* «# irtiMnwaiMii jeaNtftfc *>*} ., a*^ w(PpW <£^5T TtoflwHw «-* >»* J\/% w
y f n t f i i i t i o o x y ^
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c.
Sintering temperature 1400°0* 
Soaking time 3 hrs«
Diameter o f average grain 105/U . 
M agnification x  300.
Sintsring tejsperaturo 1400 0, 
- N Soaking time 6 hrs*
C* Cooling process.
I t  was observed that the prolonged time of cooling has some e ffe c t on 
the microstruoture o f barium titan ate  ceramics ( see a lso  section  2 ,5 .3b. )• 
Ib is e ffe c t  was examined in  many samples and i t  was found that the slow  
cooling process ( 0 .5  to  3 C/minute), tends to  produce a more homogeneous 
d istrib u tion  o f grains in  sin tered  ceramic and these have indentioal and 
larger sine in  comparison w ith the grains obtained in  specimens which were 
subjected t© fa ster  cooling* This e ffe c t  i s  illu str a te d  in  H g. 2.19* Both 
samples were made from the same raw m aterials and were subjected to  the 
same procedure o f preparation. The sin terin g  temperature for both wasl380 G#> 
for 2 h r s ., The ceramic shosm in  Big. 2 .19a. (and in  Big. 15®.) was subjected
i
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H g , 2 .19 , E ffect o f slosir cooling process on the micro* 
structure o f barium titan ate ceramics*
a*
Sintering temperature 1380° 0. 
for  2 hrs*
Coding w ith rate 5 C/ndnate, 
Diameter o f average grain 35/U. 
M agnification X 500,
b*
Sintering temperature 1380°C, 
for 2 hrs.
Cooling w ith rate of 1 C/minuts. 
Diameter o f average grain 50 
M agnification X 500*
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to  natural cooling with rate ©f 5 G/minuta in  the temperature rang® f t m  
1380 0 to  1100 0 , (see a lso  section  2 .5 .3b . ) . fh© other sample was cooled 
with a rate o f 1 O/minnt© in  the same: temperature range as the former one
be
i s  shewn in  Big. 2.12h. As ca n teen  free  'Big.' 2 .19b ,: fee  ceramic subjected 
to' slow  cooling' exh ib its more; hmiog&mous 'd istr ib u iio n  of grain s,larger  
grain s i m  and' sm aller boundary are as, than th a t which was cooled fa ster  - 
(B ig, 2.19&). Hite same- observations m m  'confirmed in  many o th er:specimens, 
subjected to  clow  cooling -process* ■ ■
d. E ffect o f ', p a rtic le  s iz e .
In order to  find  an. e ffe c t  o f the p a rtic le  size  on cry sta l s iz e , 
a number o f ceramic samples were prepared from fin e powders ©f BaO.f TiO^, 
comprising p a r tic le s  s iz e 'o f  the order'of 1 'micron* Then the .samples, were: 
subjected to  sin terin g  a t various temperatures in  the range 1260 * 1400*0. 
Subsequently, these sin tered  specimens were examined for microstructure 
and the cry sta l grain s iz e  was p lotted  as a  function of sin terin g tempe­
rature. th is  relation sh ip  i s  shown in  Big. 2 .16  (B ). Comparing' th is  curve 
w ith ■fee same one obtained fen* ceramics prepared from coarse powders • '
(Big. 2.16A)? i t  follows, feat fin est fartic les tend to give rise to greater 
grain size than the .coarse ones. Also as can be seen in  Big. 2*16 fee rate 
of grain growth with increasing temperature is  faster fen? ceramics made
# |y i
Particle sis® ©f raw mater­
ia ls  of the order of 100/vt* 
Sintering tester. 1400°C. $ for 
2 hra«,
Diameter ©f average grain 55^  
Magnification x 500.
. K
Partial® Biz® of r m  mater­
ia ls  of the order of 1 •
Sintering temper. 1400 0** for 
2 brs*.
2*20w Effect of partiole a im  on the a&erostrucfcur© 
of barium titanate ceramics.
f r m  fliie r  than f r m  coarse pcarders, In  the tested  temperature range, from 
the same graph (F ig. 2.16B } i t  fo llow s that tbs d iffe r e s^ e s  in  grain  s i ­
zes between these group of' specimens become w a lle r  as the sin terin g  tern** 
perature increases above 1380 0 . In  F ig. 2 .20 . are shown the m icrostructu* 
re of" two ceramics. Che prepared f r m  BaO + fiO  fin e  pettier** o f the order 
o f % micron (Fig#. 2.20a- ) . 'She other made fro® the same components, compri­
sing particle- s iz e  o f the order o f 100 microns. /Both ceramics were sin ­
tered a t 1400 C ., for 2 hrs. . As cen be seen  e a s ily  frm-- the photom iero-' 
graphs represented ( H g.2 .20a  and 2.20b. )  the specimen prepared fro® 
coarse powders o f raw m aterials exh ib its many large voids and large -  
boundary areas. The specimen'mad® from fin® powders (F ig . 2 .2Ob. ) i s  very 
compact, w ith sm all boundary areas.
* 1 3 8 *
2*6* 3. Influence o f ' some ■ additives ' m cry sta l ■ grain
growth.
It hm  boon knero for a long tftn* that some additives incorporated to  fear- 
it® tlta&at* change i t s  d ieleetrieal properties, for instance, the degree 
©f nonline ariiy  ( see chapter I ,  )• B it, as far as i s  knam, no investiga­
tion of the influence o f additives m  the grain sis® of barium tiianat© has
feeen carried Out* Therefor©, a number of specimens, eomtaining the fo llo ­
wing components were prepared*
1* 100 mole % o f BriELOj + 1 mol® % o f TiQg
2*' 100 mol® ft o f BafiQj ♦ 2 mol®: % o f TiO  ^*
3. 100 mol®. ft o f BaKtOj ♦ 1 mol® ft of BaO *
4* 100 mol®: ft of ♦ 2 WO* ft ©f BaO * •
5* 100 mol®: ft ©f Ba®£0j + 5 mol® ft of OuSaOj *.
6* 100 mol® ft o f EaTiQj 4- 20 md® ft o f BaSrO  ^*
7. 100 mol® £  o f BafiOj + 15 mol® ft o f SrTiO  ^*
8. 100 mol® ft o f BafiO^ + 1 mol® ft ©f %0 *
Th© raw m aterials used ,for the preparation o f these ceramics were very pu­
re ( le s s  than 0.2f! ©f im pu rities). These m aterials were powdered to  p arti­
c le s  o f the order o f 40 microns* The principal component, i . e .  BaTiOj, was 
taken in  the sto ich eiasatric: proportion. Applying the conventional method 
©f preparation, the specimens were sin tered  a t l 4 0 0 eC,, for 2 hrs. After
- 1 3 9 -
3%g» 2*21* E ffect o f some additives m. the odorostruoture
o f barium tita n tte  ceramics*
s.
BaSlOj + 1$ of TlCfe f
; ft' •
Sintering temperature 1400*0, 
for 2 hrs.
Diameter o f average grain 110 ^  
M agnification X 500 .
b.
Ban©3 U l B a O ,
Sintering temperature 1400° 0. , 
for 2 hrs.
Diameter ©f average grain 7 0 ^  * 
M agnification j<
C.
Bm,Q3 * 2 % BaO ,
S in tering  temperature 2400° 0 . ,  
fo r  2 h rs .
d am eto r of avorag® g ra in  11.5 
microns* M agnification X 500.
a.
BaT103 ♦ 5 $  6u3a03 ,
S in tering  tamparatur® 1400°0.,  
fo r  2 fers.
D iam ter of airerags g ra in  114 
microns. M agnification x 500.
- 1 4 1 -
e .
Ba£i03 + 20 % BstZrOj , 
Sintering temperature 14*00° G., 
fo r  2 hrs*
Diameter of average g ra in  90 
microns. M agnification* 500.
mno3 + 15 % m i o 3 ,
S in tering  tesp era tu re  1400° 0. 
fo r  2 h rs .
Diameter o f average g ra in  100 
microns* M agnification * 500*
g.
Ba5Ji03
S in tering  tem perature 2400*0,, 
fo r  2 h rs .
Diameter ©f average g ra in  32 
microns. M agnification x 500.
s in te r in g  the samples were po lished , etched and subjected to  micrQexamina- 
tioai ( see appendix N© I I I  ) . In  f ig . 2.21 are shewn the m ierostructures of 
barltm  t i ia n a te  ceramics oon^rising d if fe re n t  ad d itiv es . The re s u l ts  of 
saicroexamination were l i s t e d  In  tab le  No 2 .20  . As can e a s ily  be seen f rc a  
the represen ted  microphotogr aphs (and tab le  No2.20 ) ,  the change of the 
ra ti©  of TiOg/BaO has a  remarkable e f fe c t  on the sis© of g ra in s . But, th© 
excess o f BaO over the sto icheiom etric  p roportion  tends to  decrease th© g ra in  
sis© ( f ig .2 .2 1 b .). The sample containing 2 mole per cent excess of BaO ( f ig . 
2.21c) rev ea ls  f in e  g ra in  s ize  of the  order of 10 to  15 m icrons, under th® 
s in te r in g  condition  used. The specimen containing 1 mole per cent of TiOg 
( f i g .2„21a) shewed increase  o f g ra in  size  to  a  h i #  value of 110 microns, 
under the s in te r in g  condition  considered. The ceramic containing 2 mole per
<* 143 »
cen t o f Tip2 ever tbs s to ic h e ia a e tr io  proportion has exh ib ited  a  fu r th e r  
increase  o f g ra in  s ize  ( see tab le  Ho. 2 .20 ).
Table No*20 20. 'Influence o f ecse ad d itiv es  on crystal, g ra in  growth o f 
. b a r im  tlian& ta, c e ra s te s . ‘
San®los Diana tar of avarago grain
microns
, . BaTi03 85 (H g.2.15f)
BaSi03 + 1 % 1i02 110
BaTiOj + 2 % Ii02 135
BaSiOi + 1 % BaO . ‘ 70 '
BaTiOj + 2 % BaO 11*5
BatlOji + 5 % CuSnO, 114
BaliO- * 2 0 %  BaZrOj ; $o
BaTiOj * 15 SfSrTiO, 100
BaTi03 + ■ 1 JJ «g0 32
S in te rin g  tem perature 1400* C# fo r  2 h rs .
:  i
The re s u l ts  obtained ind ica te  th a t  the ad d itiv es o f  SrTiO^* CuSnDj. and
Ba2rO<3 incorporated  i n  barima t i ta n a te  tend to  increase the g ra in  s iz e .
Bat* incorporating  I  mole per cent o f MgO tends to  decrease the g ra in  size
(F ig .2.21 g).The ad d itiv es which exh ib ited  the increase o f c ry s ta l  grorfch
were—
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believed t© enter in to  solid  soiuticn with BaTlO^  end ©train the la ttice  su­
ffic ien tly  to  increase- diffusion, greatly, which contributes t© .the crysta­
llisa tio n  o f BaTiOj in'sosie flu id  phase. The additives which d eb a se  the 
grain growth may have-produced ccxsplex anifxis whose diffusion may turn been 
impeded. It' 1© interesting: that, the additives of SrTiOj and OuBnOj which 
cause increase the nonlinear properties ©f barium titanate ceramics (see 
chapter 1 and I V .  )* also tend- - to  increase the crystal sizes.
2,7* Some ; p ro p e rtie s  ©f barium* t i ta n a te  - ceramics eonsprising 
la rg e  and sm all c ry s ta l  g ra in s , ■
. I f  seems th a t  i t  i s  ©f in te re s t  to  ©etapars th e p ro p e r t ie s  o f barium 
t i ta n a te  ceramics comprising la rg e  end f in e  g ra in s , Therefore, in  order to  
examine the  e f fe c t  o f c ry s ta l  g ra in  m  the p ro p ertie s  of barium t i t a n a te ,  
a  number ©f specimens com prising,la rg e  (about 150 microns) and © m il (3 to  
'1.0 microns) c ry s ta l  g ra in s  were prepared. .
2 .7 ,1 , Samples. - -
a / .  Samples comprising sm all c ry s ta l  ©pains. .
X&em a  former sec tio n  ©f th i s . th e s i s  (2 ,6 ,} ,  i t .fo llo w s  th a t  1 m  
. sin tering : tem perature and sho rt soaking: time a r re s t  c ry s ta l  grains- grow th..
Therefore,' in o rd er to  obtain- ceramic comprising- sm all g ra in s and having '
'• ■ high' sp e c if ic  g rav ity ,' th e  follow ing procedure o f p reparation  was employed |  
specimens were pressed fTcsa very  fin e  (about Imicron) powdered exponents
of BaO * TiOg fey the  eanvcntion&l procedure. A fter heating  t o  1000 0 fo r  
I  hour# to  expel m oistu re , th e  tesp era tu r*  was ra ise d  to  requ ired  value in. ■
20 m inutes. This tem perature Was he ld  fo r  15 minutes# than  i t  wm  lowered 
rapid ly#  lim ited  only fey th e  need to  take s tep s  to  avoid excessive- th e r ­
mal. shock ( see appendix Mo I I ,  ). The s in te r in g  temperature w as. varied  
over th e  range ■ 12^0 0 to  1300 0#
fe. Samples © u p ris in g  la rge  c ry s ta l  g ra in s , -
Applying a l l  the  fa c to rs  w h i c h  increase  the. c ry s ta l  g ra in s , and j
which were described p rev iously , a  tstsfeer o f  pure BaTiO^ specimens were 
prepared* The s in te r in g  tem perature was v a ried  over th® range 1320 to  
1360 0 , ,
2, 7 .2 . ■ B esu lts . ■'
Th® s in te re d  specimens® were subjected  to  examination fo r  physical
and e le c t r i c a l  properties*  The s is#  o f the  average g ra in  was determined fey' j
•th® m sthoif ' described prev iously  { appendix Mo I I I ,)*  I n  tab le  Mo 2.21 
the  resu lt*  of th® measurements o f shrinkage and speeifi©  g rav ity  era l i ­
s ted . IVcss these r e s u l ts  i t  follow s th a t  using a f a s t  s in te rin g  process, 
i t . i s  possib le  t o  ob tain  ceramics w ith reasonable sp e c if ic  g rav ity  (5.69 iv . ' j
5. 70)* As can fe# seen f?m ta b le  Ho,2 .2 .2 1 , the ceramic reached a maximum j
sp e c if ic  g ra v ity  o f 5*70 a t  s in te r in g  temperaiur© 1280 O. For h igher s in te -  j
' ' | 
r in g  tem peratures the  sp ec iH c  g ra v ity  decreases and a t  1320 G again in c re a - I
sea s l ig h tly ,  Th® ©hrikage i s  h igher f a r  ceramics which were subjected to~-
Table $0,2 ,21 Shrd^cagg'.. ■ and ■ \ specific,..- g ra v ity  , .  ®f., barium t i ta n a te  jl 
;/■ oeraadott. contain ing , .f in e  . m& :la rg e .. c ry s ta l  ,^ grains* • j
Specimens ...
D is in te r  : - 
o f
average ~ 
g ra in
S in tering  - - ^
Shrinkage
S p e c if ic '1'
g ra id ty
Temp, Tim©
t : ■ : "■ ■ 1 microns ■• ‘ *0 . Era, *
% M m  ■ ' 3 .0 1260 1 A 14*05 5.55
3pr c ry s ta l  ' 3 .5 1270 i A 14.26 5.53
Tty g ra in 4 .0 1280' l A 14,68 5.70
I f 5 .0 1290 1A 14.85 5.64
? 6 .0 1300 1 A 15.10 : 5.63
tx .8 .0 1320 <A 15.15 5.6?
f l l  l a r g e - , ' .55 : / 1320 ; : i  ■ ; 1 5 .3 0 ,: ',-■5.64 :
f i l l  c r y s t a l .. • 70 : 1J20 ; 15.54 5.63
IX. < g ra in 100 13W 15.70 5.70 ,
m  ■ : ' 1350 , ■ 4 , 15.70 5.72
■higher s in te r in g  temperatures and longer soaking tim es, Therefore, the' r e s e t s  ill, 
obtained in d ic a te  a. possib le  method of p repara tion  o f dense ceram ics, com- 
p ris in g  f in e  o r la rg e  c o s t a l  g ra in s , using a su ita b le  f a s t  or p r o l o n g  s in -  J ; 
ta rin g  process. In  $Lg, 2,22 i s  showi the micros trustur©  of barium t i ta n a te  ; :i
ceramic* prepared by fa s t  s in te r in g  process* a t 1320 0 , ,  fo r  l A  hour. 
This photomicrograph corroborates a dens® ceramic body.
Fig, 2.22 „ Mierostruntur© of barium t i ta n a te  ceramic , prepared by f a s t
s in te rin g  process a t 1320 0* fo r  l A  h a ir .
For examination of the e le c t r ic a l  p ro p ertie s  o f f in e  and la rg e  c ry s ta l  
g ra in  ceramics* the d ie le c tr ic  constant and the  le s s  tangent were mea­
sured as a  function  of temperature a t  freq , 1 Xc/s. and e le c t r ic a l  s t r e s s  
10 Y/cm. In  order to  compare the e le c t r i c a l  p ro p erties  of fine  and large  
c ry s ta l  g ra in  ceramics those specimens were chosen, which had approxima­
te ly  the same sp e c if ic  g rav ity . Therefore* samples of the group HI and $& 
(see ta b le  No.2 .21) were se lec ted  fo r  comparison purposes. In  F ig .2.23 are
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shown th® dependency of 'th® d ie lec tri©  ©csmtaata and the lo s s  tangents m  j|:
. teisperaiur© v a r ia tio n  fo r  th® two ©how mentioned ceramics* ^rcsa thorn. \ ;L
graphs i t  fd lo ® ! th a t  th© magnitude of di©X@©tri©- ©onsiant i s  lower fo r
i
largo  th m  fo r  t im  c ry s ta l  g ro ins e a g l e s ,  in  th# rang® o f  tau ^ sra tn rs  ■ j ;; 
f tm  20 $*■ up to  a  tm  degree centigrade feelm  the  Curi# ten^r&tixro* At 
the  ©urie t o l e r a t e s  the  i ie le e tr i©  constan t i s  v is ib ly  h igh#r fo r  large  ! i:j| 
than  fo r  f in #  g ra ins ceraiaies. Sfa# a ie le e tr ie -  emmimb * temperature (£- 
marw  tm  la rg e  grsins- sample (Kb* XX) Bhmm a very  H 0 t  peak a t  tb s  Ou- ■ j-|i: 
r i e  p o in t w ith  a  sharp drop m  the  Im m t teuqperatur# side# Sb# earn® curve \ I 
f o r  a  f in s  g ra in ' specimen (Mc.IXX.)  shew# a  1 m o t and s l ig h t ly  wider mmi~ -i pi 
mm a t  th® Ourie- po in t than  the fsn se r  mm* X& these 'nsasfixreoient#* d is -  ; ' ij"• i
■ placement o f th© Ouri® p o in t tm  th e  above specimens was n o t observed, i i
j  1  . ;
Xfa® lo s s  tangent -  tSB&oratur# ch a ra cteristics (H g .2 *2 3 ) a s h it ii  ©» appa- j pj 
ren tly  greater lo ss  tangent fo r  largo than fo r  fin s grain samples, in  th© i i: i
. . ■ ' . ! i  ' ; i
rang© o f te n ^ ra tu r#  f tm  20 $*- tap to  th# v ic in i ty  of' th# Curie. painty ) j
Sb# increase  o f tho lo s s  tangent above th# Curie po in t ensues show 13© 0* '; pj 
fo r  la rg e  and about %%6 0* tm  f in s  praim gga&ta. specimen#,' ffa® maximal 
magnitudes. ©f th© lo ss  tangent f o r  fin#  and f o r  la rge  g ra in  specimens do' : i,| 
no t show an apparent d iffe rence  j. in  th# iav ea tlg a ted  rang© of temperature* j ;!j, 
Xfaey ar® s l ig h t ly  sh if te d  on® ag ain st th© 'o ther m  the- temperature scale* | p|
■ , ■ . , . i-i
Xh# s^im um  of the  lo s s  tangent fo r  g ra in  cerasdc (sample Ho 2d ) ! --'j
Shows a  displacement to  h igher tem perature, th e 'in c rea se  o f the lo ss  ■ M.j 
tangent f o r  la rg e r  g ra in  ceram ics, $##$#£$# fee due t o  i t s  increased fay- ' ' j 
s te r e s is  loss# Hamely, the  area  o f h y s te re s is  loop was ©bserved to  fe#
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apparently greater for. larger thorn fo r fine grain ceramics* fh l# : 
obgermblon la  ceinsMefed in  chapter I f  of th is  thesis*
; ; I t  to  fe# in te re s tin g  ho# th e  d ie le c tr ic  constant and th#  lo ss
tan g en t a r t  qmmtit&biirely changed hy th #  magnitude o f g m ia  .git# tm th#  ■ 
barium M ia m i#  Ccramies* la  o rder to  fin d  t h i s  dependency & saassgtear o f 
ceramics wort pr©pared co n sis tin g  of m rim is  fiscs. o f c ry s ta l  gains* 
Subsequently from a mmber of s io ^ l t s  those were ##|##t#d uhlch  exh ib ited  
spp rosdm te ly  th e  same sp e c if ic  ^ ra r i ty  ranging from 5*69 to  $*74* th#  - 
f a i t  mmd prolonged s in te r in g  technique wan used f o r  p reparation  o f these 
ceram ics, according to  th# ©iso of c ry s ta l  g ra in s  ishloh were required* 
Furth©r# the## samples were subjected t o  ia ie ro -e sm im tio n , and to  
sseasmrwmts o f th#  d ie le c tr ic  constant m& th#  lo ss  tangent* the  re s u lts  
o f th em  wm nwem nm  a rc  raprasemfced In  th#  graphs shown I n  fig .2*M .*  
p lo ttin g  th# d ie le c tr ic  constan ts and th#  lo ss  tangent m  a  func tion  o f ' ' 
atrerage g ra in  sis#*  " As can he seem from Fig*2*24.* the  magnitude of 
d ie le c tr ic  constant a t  th# Cura# point# i s  r is in g  ©cmtlimomslf a s  th e  s is#  
o f  th e  g ra ins Increases# ‘ t h i s  increase  I t  m m  ir ls ib M  tm th e  • rang# of 
5 t o  50 microns of g ra in  t i t #  th m  f o r  la rg e r  g ra in s (SO t o  170 microns)* 
the  d ie le c tr ic  constant a t  2 t°c  eomtiimcmely decreases a s  th e  g ra in  s im- I s  
increased* This drop i n  th#- r a in  p o rtion  of th e  d ie le c tr ic  oomstamh 
occur# In  th#  rang# of 5 to  100 microns o f g ra in  sis#*  ’ ihe lo ss  tangent 
a s  m 'function  of g ra in  s is#  a lso  she®# am increase  a s  g ra in  s is#  I s  ' 
Increased {fig#2*24)*
2.8* Heterogeneous mixtures.
2*8*1* ■ Introduction, ■ '
.. I t  I s  known th a t  f e r ro e le c tr ic  ceramics possessing high n o n li­
near p ro p ertie s  are a lso  g re a tly  a ffe c te d  by. temperature changes (see chap­
t e r  I ) .  l a  some eases ( fo r  instance in  the  ap p lica tio n  of these m ate ria ls  
to  d ie le c t r ic  am p lifie rs) th i s  g rea t temperature dependence csn be a  d isa­
dvantage. In  th is  case , one approach to  solving the temperature s ta b i l i s a ­
tio n  problem i s  to  apply temperature co n tro l. A second.,::; i s  the incorpora­
tio n  of some ad d itiv es  (see chapter I )  to  the p rin c ip a l component of t h e ' 
f e r ro e le c tr ic ,  which can improve the temperature stab ility* . These- a d d it i -  ' 
ves can s h i f t  the Curie po in t to a ;loner or a h igher temperature range, 
o r they  can suppress ■ the sharpness o f the d ie le c tr ic  c o n s ta sV te s^ ra tu ro  
dependency (see chapter I ) .  But, in  general* these l a s t  two methods invo l­
ve, a decrease o f d ie le c t r ic  co n stan t, which i s  a  disadvantage in  some. 
cases. The f i r s t  method req u ires  ad d itio n a l tem p era tu re -stab iliza tio n  . 
arrangement. M  in v es tig a tio n  was therefo re  undertaken, in to  the impro­
vement-of tem perature s ta b i l is a t io n  o f these  m a te ria ls , w ithout marked 
reduction  o f  the  d ie le c t r ic  constant. As a solution ' o f  th i s  problem the 
idea  arose o f in v es tig a tin g  a heterogeneous mixture of two d if fe re n t so lid  
so lu tio n s , comprising d if fe re n t  r a t io s  o f B&TIQ^/ SrfiOj* I t  ©ccuzjpd th a t  
th e se ' m ixture cm  possess-, a sm all temperature c o e ff ic ie n t w ith a  high
• 1 S >
■value of the  d ie le c t r ic  co n stan t, I f  they are sp e c ia lly  prepared.
■2.8*2. P repara tion  o f samples* .
, f m  groups of b a riu a -s tro n tlu a  t i ta n a te  .ceramics were prepa-- 
red  fo r  us# as components of the heterogeneous mixtures* The f i r s t  (A) 
had the Curie p o in t a t  about 8*0 and the  o th er (B) a t  about 11*0. The pre­
p a ra tio n  process was c a rr ied  .out i n  such a  way, th a t  th# s in te red  ceramics 
, A and B possessed average g ra in  sis#  o f the order o f 10 -  15 microns w ith 
s s r s  bm pdafy a re a s , which, m m  homogeneous w ith  a  w&Mmm o f pores.
. Shis' was a tta in e d  by a  re s in te r in g  process -repeated th ree  tim es a t  a tempe­
ra tu re  o f  1320*0 fear 2 h rs . Subsequently, the ceramics so  obtained were'
■ ground*' separately*  to  p a r t ic le s  o f the order ©f th e i r  ^ a i n  s iz e . F u rth e r,
■these p a r t ic le s  o f  'two s o lid  so lu tions {A and 8) were mixed together in  
equal proportions by weight. This mixture was fanned in to  d iscs  (1*5. cm 
d iam eter' and 0*5 cm th ickness) and then heated in  an e le c t r ic a l  furnace 
to  a  temperature v su f f ic ie n t  only t® fuse the surfaces o f the adjacent 
p a r t ic le s . ' This -temperature was found by sev era l t e s ts  c a rr ie d  out a t  
d if fe re n t  tem peratures, to  y ie ld  s u b s ta n tia lly  a  minimal-pcjrous, hard 
ceramic m a te r ia l,, w ith  only su rface  fusion . A homogeneous so lu tio n
throughout th#; mass was not formed*' Tim s in te r in g  f o r  the d if fe re n t b a t-  , 
ches o f ceramics was c a rr ied  out a t  the follow ing temperatures i
1% 1200*0 fo r  5 ' hrs*
Hj 1250*0 for- k  h rs .
m \ 5 k  -
2,8.3* l&asurements, and r e s u l ts ,
Th® measurements ©f th® d ie le c t r ic  constant and th® lo ss  
tangent a s  a  function  o f temperature for' heterogeneous ceramics war® 
made a t  frequency o f 1 Ko/g. and e le c t r ic a l  s t r e s s  of .38 « $0 v/am,
The r e s u l ts  o f  the  measurements- are shown in  H g . 2,25 and H g . 2.26* 
In  those f ig u re s  ©re a lso  shewn the  -  T c h a ra c te r is t ic s  fo r  th® so­
l i d  so lu tion . components A and B, fo r  comparison purposes. The -  T 
c h a ra c te r is t ic s  fo r  the  heterogeneous m ixtures shm  small temperature 
dependence in  the  rang® in v estig a ted , The curves do no t e x h ib it such 
sharp' maximum a t  Curie p o in ts , as fo r  th® simple so lid  so lu tio n s A and 
B. The f l a t  p a r t  o f the curve fo r  th® -heterogeneous mixture, ranges 
from the  lower to  the  upper Curie temperature® of th® two components 
A end B.
The s&crostructur® o f the heterogeneous mixture fo r  the 
group Mj i s  shewn in  Big. 2, 27a. A® can fe® seen from th a t  micrcph©- 
t©graph tlie ceramic co n s is ts  o f fused end unfused ccapm ents. In  
Fig, 2.27b 1® shorn a sketch o f the  m icr©structure of a  heteroge­
neous m ixture w ith  i t s  co n s titu en ts . Tm  heterogeneous mixture ob­
ta in e d , consisted  ©f.'three so lid  phasess s o lid  so lu tions A and B , 
and th® g ra in  boundary Tayar C. The l a s t  consisted  of a so lid  so lu ­
t io n  {A * B) w ith a  concentration  in term ediate  between A and B.
The boundary la y e r  G i s  d u e 'to  d iffu s io n  o f p a r t ic le  A ©ad Bf which
n g . 2 . 2 5 , ncsLscnsiG constant as a pukoticw o f
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©csours ota&ng th® Qam m kr& tlm  g rad ien t between A an t 3 ,
Hg«2*27a« M m m tzm tm ®  o f the  heterogeneous oixtuxo prepared
two o o ^ o aaa ts  A and B (@@@ p. 353)* having ^ r o ,  the  sa* 
m» g ra in  s ia a s  ana being in  ®<pal jregertiG ias.
S in tering  tes^eratur©  
was 3250*0., fo r  5hr».
Hg* 2.2?b, Sdtmaatt© rep resen ta tio n  o f  a  baterssgemeas sdxtuare.
a * unfuaad oaapom nts * Qm&o~ 
sea of d if fe re n t so lid  so lu tions 
A &*sd %
b * th e  fused phase, consisting  of
a so lid  sc8.utt.ori A ♦ B with a: • • • • ' '
concentration batm en  A and B#
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I t  was found on the b a s is  o f the micro-examinations th a t  the shape 
o f £  -  T curve fo r  a  h e t e r o g e n e o u s  mixture depends on th© t o t a l  volume . 
o f th© g ra in  boundary la y e r  in  th© ceramic. F a rth e r , i t  was found th a t  th© 
t o ta l  velum® of the g ra in  boundary increases as the s in te r in g  tem perature 
m  soaking time are increased , causing $h© increase  o f th© d ie le c t r ic  j
t constant { see f ig .  2 .25 , 3MCg# Mj). .B it as th® s in te rin g  temperature i s  
in creased , th® c h a ra c te r is tic s  o f  £  -  T  become le s s  f l a t  w ith a  v is ib le  
maximum. This maximum ( th® Curie po in t o f heterogeneous m ixture) s h i f t s
,
i n  temperature scale  in  th®- d ire c tio n  ©f th a t  component which has & |
h i#@ r Curie p o in t, i f  th® g ra in  s iz e s  o f  th® components are approximately 
th® same and are in  equal rati©  by w e i^ it. From the £  -  T curves, shown 
in  H g .2. 25,  i t  fellows* th a t  there  i s  an optimum s in te r in g  cond ition , a t  
which th® heterogen©©us mixture e x h ib its  a  sm all temperature c o e f f ic ie n t , 
w ith  reasonably high d ie le c tr ic  constant and lo s s  tangent (see F ig .2 .25 . )
From the graphs shown in  Fig. 2.26 i t  follow s th a t  th® heterogene­
ous m ixtures e x h ib it a  v is ib ly  lower lo s s  tangent than e ith e r  o f i t s  com­
ponents. The lo ss  tangent -  temperature c h a ra c te r is tic s  fo r  th® heteroge­
neous m ixtures (M g .2 .26 , M f^ Mg, K j,)  show no such sharp maximum as fo r  
the simple s o lid  so lu tions in  v ic in i ty  o f the Curie' points*.
On- the b a s is  o f the  r e s u l ts  p resen ted , .the conclusion i s  th a t  fo r  
the p repara tion  a  heterogeneous mixture should be used to  give a  ccraproni- 
so. betw een'the requ ired  , s t a b i l i ty  o f the £  -  T  curve and th© magnitude 
o f th® d ie le c t r ic  constan t. I t  seems th a t  th© use of a  heterogeneous
m ixture in troduces one fu r th e r  variab le  parameter to  perm it -the t a i l o ­
r in g  o f the oerss&a to  a  i&der range o f specifica tions*  .But more work i s  
needed m  t h i s  .problem*
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2 .9 . Factors in  p reparation  influencing  ageing jtonotnena.
2 .9 .1 . - In troduction .
, f id s  question should be form ally described in  the
its
previous se c tio n  o f th is  chapter* bu t t o  to Aimportansa,  and comprehensive 
character*  i t  was decided to  d iscuss i t  i n  a  separate  sec tion .
do® o f the g rea t disadvantages o f f e r ro e le c tr ic  mate* 
r i a l s  i s  th e i r  ageing process* Kamely* barium t i ta n a te  ceramics show an 
ageing e f fe c t  during which the d ie le c t r ic  constant and the lo ss  tangent 
decrease. She d ie le c t r ic  constant decreases by about 3 to  20 $* dependent 
m  the  composition and p reparation  of the  fe rro e le c tr ic * ' during ordinary 
time in te rv a ls  ( 40 * 100 days)* whereas during th® same time th® lo ss  
tangent w i l l  decrease fey about h a lf ,  fherefcre*  the disadvantage o f ageing 
considered frcm the po in t o f view of d ie le c t r ic  p ro p erties  i s  th is  decre­
ase o f d ie le c t r ic  constant w ith t in s .  Wrm the  s t a b i l i ty  po in t of view, 
o f  course* both fa c to rs  ©re undesired. I n  th is  sec tio n  was found the 
decay o f d ie le c t r ic  constant as a  function  o f time a f te r  cooling a  speci­
men in v es tig a ted  frcm a  temperature above i t s  Curl® po in t, th i s  phenomenon .
(115,19s )has been noted and discussed by sev era l s c i e n t i s t s . ' But as f a r  as .
i s  known up to  th© present* no extensive study o f th is  sub ject has been
done* or r a th e r  published* in  tech n ica l l i t e r a tu r e .
Bogorodidski and Y e fe u d sk a il^ ^ ^ h & v e  pointed out
th a t th© ageing phenomena e x is ts  in  the f e r ro e le c tr ic  rang© of temperate©
;
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(see chapter I )  in  the v in ic i ty  .of .the Curie po in t. The ageing process 
Sees not © xistisx  the tem perature. rang® above or apparently  below the 
Curie point# The; authors have; n o t. observed i. any . Displacement o f . th e  Curie , 
p o in t , dm to  ,,ageing process*..They suggested; th a t th e .again]phenomenon i s  ' 
connected. w ith  the decrease o f . e l e c t r i c a l , moment. ©f spontaneous p o la risa ­
tion# I V
■' Marks .w /  reported that the p lot' o f capacitance o f a
barium titanate condenser against logarithm  o f the ageing time shows a 
liaaar- relationship* Further, he. has noted that th® slope o f the ageing ' 
curve depends' upon the m aterial, and in  general, i t  i s  larger, the higher 
the." d ie le c tr ic  constant o f the.- material# ■
■ In vestigations carried out fey previous s c ie n ifs lI F * ^  
i t  fo llow s that the ageing process can fee p a r tia lly  reversed fey the input 
o f e le c tr ic a l, mechanical, or thermal energy to  a  ferroelectric#. A complete 
reversal cah fee- reached only fey heating a ferro e lec tr ic  m aterial to  a tea -  
perature abwa tbs Curie point, 2^00k t  present, th® theory o f ageing pha- 
n am m  i s  not w ell understood, even q u a lita tiv ely # . I t  seems probable that 
the mechanism o f ageing i s  connected w ith domain processes#
Tm  present in vestiga tion  was undertaken 'into the factors 
in  preparation which can influence ageing processes* • The follow ing factors 
ware considered *
• i / m C alcination..;. ; ’ : “ "
. i i /*  Sintering process#..................
■ ml&m
■ i i i / *  Sis® o f c o s t a l  grain  
W .  Mditiv@s*
X& add ition , tb© heterogeneous mixture war© tested  fo r  ageing process*
2*9*2* ,•- Samples*
According to  the previous description  (2.9*1) d ifferen t groups
o f barium, tltan ate ceramics m  subdivided 1 :i below, were considered s
• •-■■• For f in d  m  e ffec t: o f c a lc in a tio n  on ageing, the following 
group o f specimens m m  taken under considerations r
■ Group- X -  ■ s in te re d  a t  1380*0,- fo r  2 krs*
• ’ o a l d n a t i m 'a t  1200*0,: fo r  1 hr* . - ■ ; ■ s
■ : group XX « s in te re d  a t  1380*0, f o r  2 hrs* ■ v
, ■ no calcination* ■
i i /  E ffec t o f s in te r in g  temperature* ,
The following groups prepared by the conventional method and 
s in te re d  a t  various tem peratures were , te s te d  ' -
i /  ' E ffect o f calcination*
group III  »  sin tered  a t 12^0*0 
group X? .«*■ sin tered  a t 1300*0 
group Y #  sin tered at 1340*0
/  for 2 hrs*
group fX * sin tered -at 1380*0
group VIX -  sin tered  a t 1380*0 fo r  1 hr*
group ¥IIX- sintered a t 1380*0 for 10 fers*
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i l l / E f f e c t  o f .c ry s ta l'g ra in ' also*- :
- 3to© groups of samples m m  te s te d * ■
.group IX * specimen eosprisiiig  average g ra in
" ■ s i m  6 microns, S pec ific  'g rav ity  3#70 appez,
group X -** •specimen comprising average g ra in  
: s is#  143 miorons, S pec ific  g rav ity
' :;5*73*f apprcac, 
i v /  E ffe c t ©f the r a t i o  ©f :5i<Jg/saO,; ;
:. Four group of specimens ■ w ith the follow ing r a t io  ^iOg/BaQ 
were tested*
'group XI -  TiC /^BaO a 1, ' 
group XII •  fiOg/BaO "m 1,<|f 
group .XLTUflfy/foQ- m 1*02 
, ! gpmp XI? •  m 0.9S
v /  E ffe c t o f soot ad d itiv e s ,''
$h* following  ceramics were .Seated£ 
group X? SO JS BaXiOj ♦ 20 & , SrfiO j
. group XVX '70, % BaliOj ♦ 30 £ ;  BrfiOj
. group . XVII 30 fl BafiOj * 50 ^  SrtiO^
sin terin g  temperature 
1380*C# 2 hrs*
sin terin g temperature 
1350*0* 1 hr
©roup X fc X X  9 0 %  % m 0 3  * 1 0  #  Bs^yfi03 
group . XXX . .80 % 3 m 0 j  * 20 % ' B a ^ li0 3 
©roup .■■ XX • 50 % * 50 $  BaZrllO^
sin terin g temperature 
: 1350*cf 1 hr.
group XXI 90 % EaTiO^ + 10 ^  EaSnOj
g r i m  x m  85 % BbWjD. + .IS  Jf.WStaO--
3 " 3
■ groap XKCSX '?> #■ WtiO* ;f  .;30 $.,.BaJ3n03
Sintering .temp.
i350#0 f 2  t a i .
v i /  .Heterogeneous adziu ras .
, The sample of the heteroi^neous mixture described ,in  the  sec tio n
2 .8 ,  fo r  ageing m m  te s te d . The follow ing groups were considered: < -  .-.
' group XXI? -  sample o f  the heterogeneous : ,
m ixture , 1 ^  (see p. 153).
• group XX? , -  sample o f the he te rogenous
m irte*#, 1^ (see p.153).
2,9*3» Heasuremanis,
, th e  specimens described ' p rev iously  were placed,. in  an e le c t r ic a l  
oven and heated up to  60*C above th e i r  Curie po in t fo r  1 hour. Then, the 
specimens were very  quickly transferred to  a  sp e c ia lly  constructed  desi­
cca to r and the measurements o f  d ie le c t r ic  constant and lo s s  tangent were 
made, The readings were made a t  in te rv a ls  o f  10, 20 , 30 m inutes, 1# 2 ,
3 , 5* 10, 24 h rs . ,  and every subsequent 24 h rs . during 60 days. A ll mea­
surements were made -at room temperature (see appendix I ? ) .  A fter th is  
time the  measurements wears made every subsequent, week, ; The observations 
o f ageing process were continued- fear 18 months,. One o f th e ' arrangements 
used fo r  measurement o f ageing i s  shown i n f i g ,  2. 28.
Fig, 2 ,28, One of the arrangements used fo r  in v es tig a tin g  ageing 
process,
d -  desiccato r w ith samples under t e s t ,  
f  -  frequency -  meter 
0 -  o s c i l la to r  
b -  capacitance bridge.
On the  basis of the prelim inary measurements i t  follows th a t
to
the re la tio n sh ip , " d ie le c tr ic  constant -  ageing time" appearedNdecay 
exponentia lly . Hence, the ageing process was approximated by the fo l io -  
wing equation)
m V rm A ♦ B e* * < JM>
m
' m ■ • 1 ' *  A e
L| ~ , the magnitude o f a  d ie le c tr ic  constant- 
. a t  ageing -tim a 
t  #  a g e i n g  p a r a m e t e r *  h a v i n g ' t & a  d i s t e n s i o n  
o f time*
udier©
% .m .ageing, time,
A and B ' * constan ts . :
321 —1—
t  ' \  , :  : . ' .
At t  *  0  , d i e l e c t r i c  constant i s  equal t o  the
i n i t i a l  value of d ie le c t r ic  constant $1# before the ageing process*
Therefore ■% m . &, *  B . * * ,  * * ( 9*3)* .
At. t  - ■* <*c. . ; *■, g oc ■ for in f in i te  time ■. the d ie le c tr ic  ■
constan t i s  equal to  the aged value o f d ie le c t r ic  constant $<*.* ?
Therefore *  .  .  . .  . .  .  .  (9 .4  ) .
Thus B :, .c o rre s p o n d s  to  the mass, change o f the  d ie le c tr ic  constant 
due to  t b s  ageing p ro cess* - '
S u b s titu tin g  (9*3) ( % k )  in to  (9*2)* lea d s '
to * mt
(S | * Sotf.) 0 * (9 ,5)
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*n* ' . ■
11$ * Soc «  (Ej ** Eoc.) Q * .  * *(9*6)
How dividing,: (8 .6 )  by &<*,* \  , ;
v * « « > • ' * * *  .  .  .  .  ( s .? )
" ' . ® ■! : : E *>C
lo t t in g
. b H ' . ' * ; ; ; ;  . .  . , .<5. 8)
• '§«sc ' : ^aC -f :
■ ■ . ‘ «* Soe ' l a  8  ,
~ 8 ~  -  * * —  « • * • -(9 -9 )• :©°C /,, © OC
s u b s t i tu t in g ■< (9*8) and■ ( S . f ) in to  (9. 7 ) , lead  to
^ £  m M S  - « *  . ' .
- - c - -  : — e  • • • * . ( 9 . 10 )Cac 6
where 4 * ' ■* -i; ■’■ rv
; 100 x  - t  - * i s  percentage excess' o f the dlel@ otrio ■
£  oc
. e x t a n t  'above fee i t s  aged magnitude
A f: '■ ■ 100 - *  i s  the max. percentage excess o f the  d ie le c tr ic
£  <=<2 * £ \■ constant above i t s  'aged magnitude ( Coc)
Taking logarithm s o f both- s ides o f ©q, (9*10) gives*. ■
log S i —  •  log Aw^ -  mt .  .  .  , ( 9. 11).
■ <5 <=< - ^
log  ■ le g  -  * » . ( 9 . 1 1 a )
£  ^  £  ac. ^
The equation (9 .11) represen ts, a. the or®'tio&l l in e a r  re la tio n sh ip  
between the excess o f d ie le c t r ic  constant above i t s  aged value ( <Soc)
ana ageing time ( t ) . f  ,  in  th is  expression i s  a  time such th a t  the 
function  i s  reduced to  fe o f i t s  value ( see appendix Ho 17),
A ll t o  experim ental in s u l ts  o f t o  ageing process approximated to  t o  
l in e a r  re la tio n *  represented fey equation (9*11')• Therefore * t o  feast 
s t r a ig h t  l in e  was d ram  through t o  experimented points* and t o  slope 
o f th is  l in e  m m±- ,  taken. J *  The ageing param eters, X  and wets
taken as. t o  parameters o f t o  ageing process, t o  f i r s t  te rn  corresponds 
to  t o  ageing ra te*  t o  second on® corresponds to  t o  maximum percentage • 
excess of t o  d ie le c t r ic  constant above i t s  aged value ( to c ) , In  these 
c a lc u la t io n s . time t  <*: was taken as th a t  time a f te r  which t o  change
of t o  d ie le c t r ic  constant can fee assumed i n  p rac tice  to  fee n eg lig ib ly  
s n a il ,  As the i n i t i a l  value of t o  d ie le c t r ic  constant* * was taken 
t o  magnitude of t o  d ie le c t r ic  constant measured 15 minutes a f te r  t o  
heated sample was placed in  t o  t e s t  equipment,
Frcsa the i n i t i a l  measurements I t  was found th a t  t o  ageing 
process involves changes o f t o  d ie le c t r ic  constant of t o  order o f 
magnitude of 3 to  3® $»* Therefore, to  g e t a  reasonable accuracy of t o  
ageing r a t e ,  the capacitance should fee measured w ith an accuracy feetter 
than 1 %. To s a t i s f y  the above condition  the s e r ie s  o f precautions ( see 
appendix No IT) were observed,
2*9*4* B esu its .
The re s u l ts  o f the in v es tig a ted  ageing process fo r  barium • 
titanat®  ceramics ar® l i s t e d  i n  tab le  No, 2,22, For b e tto r  i l l u s t r a -
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of
t i m  o f t h e  ageing r a te s ,  the r e s u l ts  fo r  a  number specimens are shown 
in  $lg*. 2, 29.  * in  the farm o f diagrams* re la te d  to  equation (0 .1 1 ), These 
diagrams w ell i l l u s t r a t e  the  ageing process* since the slope-o f the s t r a i ­
gh t l in e  to" the v e r t ic a l  ax is i s  p roportional to  m m [f t  and the in te rc e p t 
tio n  of the ageing liras ( &mt/ ^  ) m 'v e r U o a l 'u i e  g iw s  the vm im m  
. change' o f t h e : dieX eotfio  ■ constant f due to  ageing process* • ,
\..\M  can b e , seen from t h e ' r e s u l ts  presented'* the fa c to rs  considered 
have 'ra ther' a : s m a lle f fe c t 'o n  the ageing ra te s .  But* some o f these fac to rs  
■ exh ib ited  an e ffe c t;  on the maximal d if fe re n c e ' between the d ie le c tr ic  con** 
l: s ta n t  fo r  A fresh*; and ' aged ceramic,
The e f f e c t  o f ca lc in a tio n  { sample I  and I I * ) on ageing ra te  i s  / 
minimal*' bu t i t  i s  mare - v is ib le  i n  them ax, change o f the d ie le c tr ic  
constant# :
The increase  o f s in te r in g  temperature ( samples ■ III-V I } o r 
soaking time ( sam ples' T O  ' and V III } lowers s l ig h t ly  the change of 
d ie le c t r ic  constant and ra te  o f ageing# The e f fe c t  o f the c ry s ta l  g rain  
sis® (samples IX and X) on the max*change of d ie le c tr ic  constan t i s  appa­
rent# . Hamely* f in e  g ra in  ceramics exh ib ited  about 5& % le s s  max* change o f 
the d ie le c t r ic  constant due to  ageing process than ceramic comprising ,
. .large g ra in s . The e ffec t, o f c ry s ta l  g ra ins on time *C i s  neglig ib le*  which , 
i s  supported by a c tiv a tio n  anergy* lamely* the ac tiv a tio n  energy fo r  fin® ' \ 
and la rg e  grain;" ceramics was found to  be p r a c t i c a l  the same (see chapter
,111* s®c*i*2f,}#.;;,. <• i-f1:’
She influence o f the r a tio  TiOp/S&Q ©u the ageing i s  more appa-
* -i7Q ~
f  a V X *
tlta n a te . type o f ceram ics.
Croup ^fypeOf. ■ . : • Awl £/ : ■
/£=o
Factor Influencing 
ageing process.
■ Says . 5S
I "" / “ BaTiOj 16,9 7.4 ' calcination '
no calcination11;.;; 16.2 ■8,3:"/.
H i  ■/■;; m i6 .s : ; ; 8.5 12£Q*0
1300*0
■•1'5Wd;’
........
' sintering 
. temperature: 
for 2 hrs.
nr ; # "■ 16.9 8.1
y  r, , w 17.2 7.9
v i - 7 r  ' : W :: 'V ' 17.6 6.8 1330*0
t i l  ^ .«* ,5;': 16.7 7.8 1380*0* 1 h r . soaking-. 
1380*0*10 h rs . timeV III ' : H 17.9 ' 6.2
IX ’ ■ ■ * ■ 17.4 3.5
. i
f in s  
' largo  :
C rysta l
> ■ ' '
g ra in  sizeX ■ *■■ 1 ; ; ; i 7 . 5 : ; ; 6.8
x i  7 » 17.1
1.01
1.02
0*93
r a t io  of
> W
* ■ 
s in te rin g  
temp. 1380*0,
1 h r .
X I I , . . ,.1 8 .3 - : 6.0
X III n " 18.7 5 .3
XI? * ' ;:;1 5 .2 ;;;.1 9 .3
p
-  1?1 -
Factors l a  p reparation  in fluencing  ageing process 
pp o f  fe r ro e le c tr ic  cor sanies -  contd* v;
Group Typa o f specimen
;;p ' i  P ;
AmS/
. / £ *
Factors in fluencing
' '.ageing'..process >pp^  ^ /'
da^s
XV, 80 % t m 0 j  + 20 JS S rliO j 6.5 29.5 E ffec t o f ad d itiv es .
YTTTAw , 70 $  BaliOj + 30 ?5 StfnOj 5.1 31.0
m i * SO % BaTi03 * 50 £  SrTiO^ ; 0 '■ 0
m i x 90 % BaTiO^ + 10 $3 BaZrOj 7 .8 24.6
XXX* 80 % BaTiOj + 20 % BaZrQ, 6*9 22.0
XX*. P * 
XXX*
50 % BaKOj ♦ 50 $  BaZrOj 0 0
9Q. J? BaTiOj ♦  10 % BaSnOj 7 .8  ;H 23.5
XXXI* 85 $  BaK.03 •* 15 jS BaSnOj ' : 6.9 25.0
XXIII, 70 f» EaTiOj ♦ 30 % BaSn03 ’/0 0
XXI? 6.6 27.4 : Heterogeneous p; 
M3ctures*;
(see p. 153)XX?
.... i
' 6.21 29.0
\2 ^ 2 * 2 9 . ACSdS EATS OF VAHI0D3 SEHRCELBCTRIC
CERAMICS.- ( SEE p. 170- 171 ).
3
20 25 d o  35 ta
TIMS ( DAIS ) .
ren t' in , comparison w ith , o ther prev iously  considered; f a c to r s ,  - as, c a lc in e - , . 
t lo a  e t%  . Haiiie3.j|. ceramic comprising 2. mole per cent excess o f BaO (sample 
Ho*XX?) exh ib ited  increased ageing, ra te  ( t  » 1 5 #2 a a y 3 ) , a n d a  g re a te r  . 
max, change o f d ie le c tr ic  constant ( ^ « 9*3 $»)*■ than ceramic coo- ,.... 
ta in in g  1. mole • per cen t excess-, o f T10« ■ (sample Ho,XII.; T  = 18,3 days* ...
i s  a ffec ted  fey. c ry s ta l  g ra in  slse$. namely, ceramics comprising fin e  crys­
t a l  g ra in  s iz e  exhib ited  sm aller changes .i*r.the, .d ie le c tr ic  constant .than ■ 
those  c o n ta in in g :large'; ones ( o f coarse , ; t h i s . observation was .mads... on 
fearitm t i t a m t e  ceram ics, prepared i n  stdch© ion@ trio proportion)* There- ■ 
fore  |  i t  would fee expected on the b asis  o f previous experiments (2*3,6) 
th a t  ceramics coisspxising excess BaO (f in s  c ry s ta l  g ra in s ) , should ex h ib it a. 
sm aller change in  the d ie le c tr ic  constant, than, the  samples eonatairdng ■ 
excess o f Ti02. Bat the  experimental r e s u l ts  show disagreement, w ith  the- . 
assumption made, as was mentioned above.
I t  seems th a t  the ageing process i s  associated  w ith many fac to rs . 
One o f th o se , i t  seems, i s  the change o f te tra g o n a lity  o f c ry s ta l  la t t ic e  
(c /a  r a t io ) .  According to  crysto llog raph io  msasurements made by Msgaw 
14H u id  o therf ^ • 125^xo«s3 BaO over the s to ich a io sa tr io  proportion 
decreases te tra g o n a lity  o f barium t i ta n a te  l a t t i c e ,  The same co rre la tio n  
between the ageing ra te  and the c /a  r a t i o  can be seen i n  the r e s u l ts  
obtained , below, Homely, as can fee seen in  tab le  Ho,2 ,2 2 , the ra te  of 
ageing and increase  as the ad d itiv es  of BaSnO^, BaZrOj or SrHO^
d id  not e x h ib it ageing phenomena during: the.- 18 months,-Seme c o rre la tio n  
seems to  e x is t  between the; |^  s& value o f  d ie le c t r ic  constant and ageing ■ 
r a te ,  H aissly ,'the m ate ria ls  having the h igher peak p e m i t t iv i ty  show- a :, v . 
g ra te r  ra te ;  o f  ageing, ' For in s tan c e ,  fin e  c ry s ta l  g ra in : barium t i ta n a te  ...
; having a  low- pealc, e x h ib its  small ageing ra te ,; I t  i s  known, . t h a t :the 
increase  o f  the above c o n stitu en ts  in  B&TiQ*, decrease . te tra g o n a lity ,
^  *
aM 'a t/ab o u t W  mole .per cen t o f the add itives the l a t t i c s  becm es cubic ,
. and. th e '; f e r ro e le c tr ic  ■ s ta te  d isappears,, a t  room 'temperate?®*: Therefore *.
. . i t  se em s,'th a t ageing; i s  assoc ia ted  w ith  the fe r ro e le c tr ic  s ta te  ( te trag o ­
n a l phase), The re s u l ts  corroborate the observations made by Russian 
s c ie n t is ts  obtained (tab le  Ho*2 ,2 2 ,
^&®2,2f-)#. i t  follow s th a t  the change o f d ie le c t r ic  constan t,.- ' 
f o r  com positions, BaTiO^ + BaZrOy and BaTiO^ BaSnO  ^ i s  s l ig h t ly  sm aller than 
for.ceram ics B&TiOj * BrTiOj, - The. ageing .of the heterogeneous ndxtores do 
not v is ib ly  d i f f e r  f rc a  th a t  o f th e i r  components, (see tab le  No„2,22, )
I t  seems th a t  a  f a l l  understanding o f the ageing p rocess w i l l  „ ■ 
be possib le  - i f  the fe r ro e le c tr ic  p o la r isa tio n  mechanism in  the polycrysta­
l l in e  phase -is b a tte r: under s t o o d , ; , ■
2,10,'.';;- " c>y: C^  .
JTcm the in v es tig a tio n s  c a rr ie d  out and described in  Chapter I I ,  
i t  follow s that*
i )  there  are numerous possib le  ways .of reg u la tin g  the a c t iv i ty  o f the '
f e r ro e le c tr ic  m ate ria l l a  the p e ly cry sia lin e  phase by v a r ia tio n  o f  the !
s in te r in g  process. Consequently, the fac to rs  which may have im portant 
e f fe c ts  i n  th is  process are* su itab le  choice of raw m ateria ls  (s iz e  o f 
p a r t ic le s  and t h e i r  procedure o f  jreH m in ary  preparation  (m illing  and 
adadng e t o . ) #; s u r ro u n d in g  s in te r in g  tem perature, duraticsn
o f  heating  and cooling and c ry s ta l  g ra in  s iz e  m odification. The l a s t  !
f a c to r  has .an apparent influence on the e le c t r ic a l  p roperties  - o f  fe rro e -  
l e c t r i c  ceram ics. The ra s in te r in g  process has som  influence on the improv- 
memt o f physica l an4 e le c t r ic a l  p ro p erties  o f barium t i ta n a te  ceramics.
I t  seem  th a t  heterogeneous m ixtures may become an im portant parameter j
in  the p repara tion  o f f e r ro e le c tr ic  ceramics charac te riz ing  sm all tempo- |
ra tu re . . :|
The ageing process i s ,  to  a  sm all degree# influenced by ord i­
nary  fa c to rs  in  p reparation . M  im portant influence on on th a t  process i s  
the s ize  o f c ry s ta l  g ra in  and ad d itiv es . Wamely, as the r e s u l ts  show, 
the ceramics co n sis tin g  o f flue  c ry s ta l  g ra in  exhib ited  about 50 p e r cent
le s s  change in  the d ie le c t r ic  constant than  those o f la rg e r  g ra in , fr©kab-
c ry s ta l  g ra in  size#  increase  d is to r t io n  o f the c ry s ta l  la t t ic e #  s im ila r 
to  the inco rpora tion  o f excess Ti02 over sto icheiom atric  proportion 
(saa tab le  2. 22. ) .
The ad d itiv es  which increase B&HO3 ^ o n lin ea rity  as BaZrO^,
ly# the  rap id  s in te r in g  and cooling applied  to  produce ceramics w ith fine
BaSn0 5f SrTiO* a lso  increase  the r a te  ©f ageing. The ageing process seems
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to  e x is t  only i n  the rang® ,, where the ceramics are  f e r rc e le c tr ic s ( fo r  
in s tan c e , the composition o f 50 % BafiO^ + 50 % SrfiD^ does not e x h ib it 
ageing phenomena).
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. e n i F i i i  i n ,
She tQ C onductivity o f Barium Sitan&ta 
■ and ITS - Solid  Solutions.
3*1*/ Introduction. ■
3*2. £0 conductiv ity  o f  barium titan ata  ceramics as a  :
. fu n c tio n .o f temperature*.- 
3*3. £Q conductiv ity  as a  function  o f e le c t r ic a l  
. s t r e s s  a t  c o n s ta n tto a ^ ra tu re *  : ■
3.4* Influence o f soma a d d itiv e s  on the do e le c t r ic a l  
conductiv ity  o f  BaTiOj ceram ics.
3 .5 . leakage cu rren t in  the BaTiO^ ceramics as a  function  
Of tiSQS* : ■ ■
3 .6 . She long te rn  v a ria tio n  o f the do conductiv ity  o f 
.. ..; BaTiOj ceramics.
3*7* ■ Conclusions..
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The DC. Conductivity ©f Barium T itanate  
and I t s  So lid  Solutions.
In troduction .
3.1*1, Although the do conductiv ity  o f r u t i l e  (TiO^) has been in v e s ti­
gated by a  number ©f s c ie n t ie s ts ,  very  few d e ta i ls  ©f the e le c t r ic a l  
conductiv ity  ©f BaTIO* ana i t s  so lid  so lu tio n  have been published, as 
t o  as i s  knew*. Nomura and Sawada (202\ i 95o) hava given saw  in fa m a - 
t io n  about the do conductiv ity  o f BaTiOj ceram ic* but these investiga ­
tio n s  are  not complete* Wsmely* the in v es tig a to rs  lim ited  th e i r  ©bserva- 
tio n s  to  the measurements of the do conductiv ity  o f BaTiOj specimens a t  
constant e le c t r ic a l  f i e ld  s tre n th s . They do not s ta te  the conditions 
under which the experiment was performed o r s ta te  the physical conditions 
o f the samples* Farther* Belieb and Eodakcw (^03) have given seme informa­
t io n  about the da conductiv ity  of the le a d - ti ta n a te  c ry s ta l .
Therefore* the follow ing in v es tig a tio n s  were undertaken!
1 /  the do conductiv ity  of BaTiO^ and some of i t s  so lid  so lu tions a s  a  
function  of temperature a t  constant e le c t r ic a l  s t r e s s ,  
i i /  the do conductiv ity  o f barium t i ta n a te  ceramics as a  function  o f the 
do f i e ld  streng th s a t  constant temperature* 
i i i /  the influence o f seme ad d itiv es  on th« ao conductiv ity  o f BaTiOj. 
i v /  the leakage cu rren t in  the barium t i ta n a te  ceramics as a  function
v /  15,9 v a r la tio n  *  018 *» co aau a tiv lty  < * * * * ) csraiai03 
w ith  time*
3k th is  work the volume d@ conductiv ity  o f barium titan ato  
ceramics was taken in to  considera tion , since tb s prelim inary measure­
ments o f  tb s  leakage cu rran ts  a t  constant f ie ld  s tre s s  &ham& th a t  the 
volume cu rren ts are la rg e r  than  the surface* ZCLso v a ria tio n  of the 
leakage current w ith  time was observed fo r  the volume component only* ■ 
The surface leakage current esM bited  the charging phenomena only as 
i s  gen era lly  observed in  many o ther m ate ria ls . Also the surface compo­
nent does not e x h ib it s e n s it iv ity ,to  the f i e ld  p o la r i ty  as the volu­
me component does* Consequently, i t  appears, th a t  observation o f the 
volume component o f conductiv ity  was considered to  be mere im portant.
3*2,0, PC Conductivity o f Barium t i ta n a te  ceramics 
as a  function  o f tem perature.
She mBBmemntB o f  ^ the da conductiv ity  o f the barium t i ta n a te  
ceramics were made in  the temperature range from 40*0 to  1^0*0*
3*2,1, ‘ N a p le s ,
. 1 ■*
She specimens were prepared in  the form o f d isc s  2 ,5  cm in
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diam eter and about 0,05 cm i n  th ickness. A fter the s in te r in g  process 
and ap p lica tio n  o f the e le c tro d e s , the samples were kept i n  a  a  desioa to r 
containing calcium ch lo ride . Ju s t  before the t e s t  the specimens. were '
: .transferee t o  .the. ..measuring c e ll,:  . follow ing specimens were examined*.
a )  Sample How 270, was prepared from pare components o f BaO^TiGg (im pari­
t i e s  le s s  than. 0 ,2  $ ) ,  the  sample exh ib ited  large  c ry s ta l  g ra in  s ia e  o f 
the order o f 120 microns and sp e c if ic  g ra v ity  o f 5*71,
b) Sample No. 281 * was prepared a lso  from pure ccmponants.The s in te r in g  
process .was., conducted very  f a s t ,  .in  order, to  -obtain .fine,, c ry s ta l ' g ra ins.
;. The sample wsat.exhibited average g ra in  sine, o f the., order of 10 m icrons, . 
and sp e c if ic  g rav ity  o f %&%
o) Sample No, 305 was prepared from tech n ica l ing red ien ts Ba0*fi6g,
• The components comprised about 2 $  o f im p u r it ie s .; The' main im purities 
were* SiOg, 1%, Be and Sn in  titan ium  Dioxide and' Mg,Sn, and Ca
: In  barium Oxide. '
3 ,2 ,2 . Method o f measurements,
■ M y measuring c i r c u i t  designed fo r  .the measurement o f the d c ... 
r e s i s t a n t  i s  su itab le  provided I t  has s u f f ic ie n t  s e n s i t iv i ty . H ere, a
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m all method. w as, used .. The: drop a c ro ss . the standard re s is ta n c e , was b&lan-. 
c»d by .aa  e.m. f .  ■ applied  between the standard and grount* The Mndsmam , 
e lsc trem ste r was. used a s , th e , s e re  indicator*.. {see Appendix. Mo* V. }#
The d etails o f the e lectrica l circu it and procedure of the maBixromnt'S:* 
are described l a , the appendix Ho.. ?•
3.2#|« . The imaworemsnts.;,. ,
/ The measurements. o f the da eonduotivity were dome frem ro m  , ■ 
temperature = t# 160*C and. the .reverse,,.in. which Increasing and decreasing . 
tin#, .rates ,ef temperature were. 0.5*0/tonuts,and 0.7*0/ndnate# respective­
ly ;  ^It.was:;;f w d ; that the :da. wcmduetivity of barium titanate .compounds., 
i s . tiise,, dependent |.. namely, under ccimtant external ; applied voltage,the, . 
in it ia lly  high leaha^ current fh ll with time , reading a practically / 
steady, value after about 15 -. 30 'minute s at room temperature. Actually 
the . current; continued to  f a l l ,  as long .as ths electrical-. stress was app-. 
lied . Therefore,  the; do conductance should be.measured in.,.the state, in  
which the absorption current i s  excluded|. but i t  was almost impossible-: 
to do so for this, substance* I t  . seems, that perhaps. better .results..
Could be obtained, in. principle., i f t b e  measurements were performed a 
very,long time after switching on* This, however, would, increase many . 
other disturbances in, the measuring circu it suehas sero-peint flu e- 
tuatica of .the electrometer, .change of the measuring;temperature, etc* : 5 
Owing to  th is , the measurements. .wers perforaaed 20 minutes after sw it-
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oM.Bg ob the e le c t r ic a l  f i e i a  s tren g th s . The measurements were done a t  
the do f i e l d  streng th  o f 0.1 MV/m.
3.2.4* B esu lts . ■ -
. . . .The r e s u l ts  ..are shown in  Big. 3* 2* 1 •» where the log do conducti­
v i ty  i s  p lo tte d  against the inverse  absolute temperature* The measurements 
were done fo r  increasing .and  decreasing temperature (40*0 to  160*C), and 
(160*G to  40*0)|  and i t  was found th a t  the differanches between these 
measurements ware comparatively sm a ll.T h e re fo re , fo r  c la r i ty  o f the 
diagram, the po in ts corresponding to  the increasing  temper sto re  only 
are marked. Item the re s u l ts  rep resen ted ;in  H g .3. 2.1 i t .  i s  seen th a t  ' 
the conductiv ity  can be expressed ^ ^ ) f e y  a  function  o f the ty p e ,
£>* =  f \  e  ^  ‘ * * * * (3. 2. 1. )
where :
-  i s  the e le c t r ic a l  conductiv ity  
A .  (const) x T  % ,  i s  S8eB to  bo
only very  s l ig h t ly  dependent on the temperature 
.:; *,,. and can be regarded as a constant f o r ’ the ’ present
purpose. ‘
W ~ I s  the- a c tiv a tio n  energy.
K -  Boltamam’s constan t.
T -  i s  the absplut© tem perature.
The relationship©  of log  6 * = f (  j )  (H g .3 .2 ,1 . \  fo r  barium 
t i ta n a te  specimens, co n s is ts  o f two l in e  segments w ith d if fe re n t s lo p es ,
one corresponding to  the temperature rang© belosr the Curie Po in t and the 
o th er to  above i t*  The slope 3 o f the so s tra ig h t  l in e s  are quite  d is t in c t .
Proa eg. 3 .2 .1 . i t  i s  obvious th a t  the a c tiv a tio n  energy, W, 
eaa b® ca lcu la ted  . j 5 » « *  slope o f the re la t io n  log  preeen-
ted  in  H g . 3*2.1*
T a b l e  No* 3. 2. 1.
Sample Temperature A ctivation  Energy E le c tr ic a l  s t re s s
W/m.
No 270,
pure ; BaTiOx , !' 
large c ry s ta l  
g ra in  s iz e .
T < To
yyy-yT / > to .
0.618 
O.93  ; 0.1
No 281, 
pure BaTlO^, 
fine  c ry s ta l  
g ra in  s ize  :
[ f  <  tq ■ :
y . & ' / r
0.56 - ■ ' r ' v:v 
1.10
0.1
No 305, -  
tech. BaTiO*, 
large c ry s ta l  
g rain  size
, y.' -  T >  ’
0.570 
-  0.90 •
0.1
.. T& \ . m . the Curie tem perature. :
10
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& •
b -  sample No. 2^ 1 • 
o -  sample No. 3(>5.
Elaotrlaal 8traits S* 0.1
24o 25o 260 2 7 0  28 0 2<J0 3 0 0  310 3 2 0  33C
.     1 5
(  T E M P E R A T U R E  )  x  1 0
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M  c m  \m m m  frost H g . 3*2*1. and tab le  3 .2 .1 . the  d ifference in  
■ the a c tiv a tio n  energy for. the saiaples ecmprising small ana la rge  c ry s ta l  
g ra in  s iz e s  i s  not ve ry , v is ib le  * as was expected from p rev iew  in v estig a ­
t io n  { magnitude o f the d ie le c tr ie  constant* ageing phenomena e tc ) .
The d ifference  in  the a c tiv a tio n  energy between pure (sample Jfo.270) ana 
tech n ica l ( ty p if ie d  b y :sm p le ;% * ^ 5 ),h a riu m  t ita n a te  ceramics seams to  
. be due. to  d if fe re n t q u a lity  and le v e l o f impurities*, because the time ra te  
o f increase  of the temperature and the time in te rv a lf rc m  switching on to  
measurement were the same fo r  a l l  samples.. The presence of im puritie s in  
. a  ’d i e l e c t r i c .i s  u su a lly  expected. to  charge; i t s  conductivity* e i th e r  by 
con tribu ting  mobile ions or by i t s  atoms ac tin g  as donors or acceptors. 
f r m  the graphs i n  H g .3 .2 .1 . i t  i s  seen .th a t the experimental re s u lts  
are f i t t e d  by eg, 3.2.1* fo r  the whole range o f investiga ted  temperature 
except tem peratures between 4jO*0 and €0*0# ...I** th is  range o f temperature 
soma dev ia tion  fro® a ' stra inght, l i n e : i s  observed*..It.;appears th a t  . th is ' 
i s  due to  the presence _ of im purities i n  the samples, For in s tan ce , the 
r e s u l ts  obtained fo r  the sample Ho. 231, prepared frcra tech n ica l in g red ien ts ,  
show a  la rg e r  dev ia tion  free* a  stra iw ght l in e  than the re s u l ts  obtained 
fo r  purebarium  t i ta n a te  ( .sam ples.Ho*. 2 7 0 ) . , ||
. The. values of a c tiv a tio n  energy which were, found are much lower 1 '
in (211)than those found ^ single c ry s ta ls .
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3*3®0 1X3 Conductivity of barium titanate ceramics
as a function o f electrica l stress at constant temperature*
3*3«1 Introduction*
Earl (206) fauna that the resistanoa ef HO, proves
Qm's law up to  an applied fie ld  strength of about 10 v/m* Be assumes 
that the deviation from Ohm1 a law is  connected, not with a particular 
pcwer input, hut occurs rather above a certain voltage. Subsequently, 
Gorelnik and Tolsmoi ^ ^ h a v e  measured da conductivity of Ti02+nGa0  
ceramic as a function of high d ielectric stress and found that conduc­
t iv ity  of these ceramics i s  dependent on an electrica l strengths, 
higher than k  -  8 KV/m. at 110*0, according to  the ratio of TiC /^CaO.
In section 3*3 of th is thesis i s  considered do conduc­
t iv ity  of barium titanate ceramics as a function of electrica l 
stress*
3,3*2* Specimens,
Xh® following specimens o f barium titanate were considered*
a) sample No. 715, prepared from pure ingredients, was sintered in  am­
bient atmosphere* Its  specific gravity was found to be 5«43«
b) sample NO.692, differed from the above in  that i t  had specific gra­
v ity  5*^1.
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c )  sample Ho*734-, o f  BaTiO^ was prepared from very U r n ,  pare ing re ­
d ie n ts . f id s  specimen ©xhiBited i d #  sp e c if ic  g rav ity  -  5*72.
3*3*3*" ’"r ieaaureTO^
fhe measuring c i r c u i t  and the system o f electrodes, employed 
were the same as has been described in  sec tio n  3*2.1. 3i* carder t o  
minimise the heating  ©f the specimen due t o  cu rren t flowing .through i t  ■ 
a t  h i #  f i e ld  s tre n g th s , the measurements were done 2 minutes a f te r  
sw itching on the supply voltage* A lso, massive e lec trodes were employed, 
* h ic h  a d d it io n a lly  se rve d  as h e a t s in k s . T h e re fo re , th e se  nm aurem an ta  
Of the do conductiv ity  r e f e r  to  those values o f conductiv ity  which were 
Obtained a f t e r  the f i e ld  had been applied  seme t  minutes.
"  •  * ' ■  i
3* 3*4* ; . ■BeSUltS* :
fhe r e s u l ts  o f the measurements are shown in  H g .3 .3 .1 . fhe c u r­
ves a ,  b ,  and o i n  H g .3»3.1 rep resen t the do conductiv ity  as a func­
t io n  o f the e le c t r ic a l  s t r e s s  a t  30*0 fo r  specimens Ho. 715 #642, a id  734 
re sp ec tiv e ly . Frm  these diagrams i t  fo llow s, th a t  the do conductiv ity  
o f BafiOj ceramics i s  dependent on the  applied  f ie ld  s t r e s s ,  fh is  depen­
dency i s  d if fe re n t fo r  various specimens. Namely, conductiv ity  fo r  the 
samples possessing lower d e n s ity  (Ho.715 and Ho. &$£) i s  much more depen­
dent on the e le c t r ic a l  s t r e s s  than  th a t  fo r  ceramic having h igher density
**«. 3.3*1. DC. CONDUCTIVITY AS A FUNCTION OF ELECTRICAL STRESS,
(  B E F O R E  H E A T -  T R E A T M E N T  )
- I S
0-50-2 030*1
ELECTRICAL STRESS ( KV/a ).
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F a rth e r , the  specimens Ho. 715 and Ho. 0 2  were placed in  the  vacmsa 
chamber (an O il d iffu sio n  pump, Edwards) and then the vacuum was increa­
sed in  a  few s te p s , fhe measurements o f the do conductiv ity  to  re  made 
a t  various degrees o f vacuum and a t  temperature o f 50*0, The r e s u l ts  a re  
presented in  F ig. 5 .3 ,2 . # from which i t  follow s th a t  the do conductiv ity  
o f ceramics investiga ted  decreases s l ig h t ly  when the vacuum i s  in creased , 
and th i s  r i s e  o f r e s i s t iv i t y  i s  lim ited . Namely,. the  increase- o f vacuum 
over 0.01 mmHg. d id  cause a  v is ib le  change in  conductiv ity . During th is  
experiment the  em ission o f  w ater vapour was ind ica ted  by means ©f the 
b lu ish-w hite  disharga in. the  vacuum diamber. -
Fig, 3.3.2. DC. CONDUCTIVITY AS A JUNCTION OF
-*  10
a .
o-oi002.0*05o-i
VACUUM («®Hg# ).
10
CONDI CTIVX T AS A UNCTION OP 
( A]TER HEAT ... TREATMENT ]
Fig,
— x
a.
1.0 II 12 1-3 1*4- 1-5 1*6 |*7 1-8 1-9 20 II 2*2 2,3 24 2*5
ELECTRICAL STRESS ( m/m ).
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' Subseguently^tW  specimens Bb, 715 ■ and''No, C$2 war© feeaied at 110*0 ,
' fo r  § hours la ' silicon©  l lq $ M  o f  lew v isc o s ity  and thenallow ed to  ,: 
Pool* i f  tor cooling to  50* 0 , the conductivity o f the specimens was 
;.ism<2iat@ly i^asinr©d* Afi^rwards# tha specimens were boated again to  
80*0 and then to  100*0 and the n^aauroments of.the. do conductivity were 
repeated# _5be,3?esults are shorn in  Big. , 3» 3* 3* ,  frcm which I t  fo llo w s,'
; that application  o f  the heat treatment improves the in su lation  o f the 
specimens, considered to  a femarfeahle degree*;,fhe m  experiment was ; ’ 
repeated several times. with specimens having d ifferen t sp ec ific  gravity , 
applying sim ilar he at tre atmsnt in  a so lu tion  o f stea r ic  ac id , transfer*  
mer oil*. _ carhoa tetrachloride ;and.. chlorinated biphenyl*. In a l l  these 
ca ses' an improvement lc . in su lation  was observed, . I t , w as' s ta te d ' that these  
Improvements o f in su la tion  were tempcrary .and were dependent .on the 
liq u id  used during the heai ireatment process* Hamely, i t  was observed ■ 
that a fte r  the heat tr e a te n t  with carbcm tetrad ilorid e the conductivity  
begins drop, a fter  1$ •; 20 days, .When, fo r ; instance , th e, samples are hea­
ted ixt s ilic o n e  liq u id  they do not .exh ib it.a  decrease o f in su lation  a fter  
two months,.' But a fter  th is  timesom© drop o f in su lation  was observed, 
Samples lim ersed in  paraffin  wa* .after h ea t. treatment d o . not exh ib it 
. any fa H  o f in su la tion  even a fter  twelve .months;*: Warn the graphs shewn, 
in  H g ,5 ,3 ,5  i t  fo llow s, that the carves.©f do conductivity as a function  
o f e le c tr ic a l ■ str ess  contain two d is tin c t p a rts, namely,
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*
a )  t o  f i r s t  part*. which i s  indapenden to f or only s l ig h t ly  dependent
b ) t o  second, which i t  dependent on the applied f i e ld  s tren g th s , This 
dependency i s  s tro n g ly  marked.
The e le c t r ic a l  f i e ld  strength*  I© , frcta which the do conductivi­
t y  d is t in c t ly  inerease$5is . dependent on temperature (see H g , 3. 3*3* )* 
The increase  o f temperature decreases the value, o f  So, Further*, a s . i s  
seen* from H g , 1 ,3 ,3  the value o f So i s  h igher when the conductiv ity  ©f 
the specimen i s  lower,
.■'.3WiW< S3arfftaea300-.pdf scoa additives ©a t o  electrical ".■■
.V conauc tiv ity  ©f>arium t i ta n a te s  ceraM cs, ';.
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3.4 ,1 , ; introduction.
There is* a s  f a r  as i s  known, very  l i t t l e  l i t e r a tu r e  dealing  
w ith  the e f f e c t  o f add itive  s e a  the c o n d u c t iv i ty o f c e ta l l ic  oxides,
' Johnson^0®^hcp^ever* has /investiga ted  th e ' tn f lm m e  of some add itives _ 
on t o  electrical;© <m du© tiviiy ©f ouhd; seme © f to & d d i  t i ­
re s  which incre&ss i t s  conductiv ity . F arther * t o  authors o f B r itish  
P aten t Wo. 6041 have found th a t  t o  additi© h’: Ofv c e r ta in  f lu o rid es to  ■ 
BaTiOj has t o  e f fe c t  o f increasing  t o  r e l a t i v i t y  to  a  remarkable 
: extent,"' B ut, t o  authors have not 's ta ted ' how t o  conductiv ity  changes
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as a function ©f the quantity of these additives. In th is thesis were 
considered those substances as the additives which have a known effect 
on the nonlinear properties o f barium titanate ceramics, The follc^dng 
additives therefore were considered*
i A - Q j  ’■ »- i ’ : . * ; ^ 
r : V  1 i | . : " B a S f a O j  ■ '  ' ' • ■ i'.
.5 : ; ; Ba&rOj ::' •'/>
S a b le s , ,  , .
The specimens were prepared from very pure ingredients.
The procedure of preparation employed was the ease as has been described 
in  chapter I I .  The purity of the additives was carefully taken into  
consideration in  order to obtain a reasonable resu lt! since i t  i s  known 
that even minor amounts of contaminations can mask the actual measure­
ments, The additions of SrTiO ,^ ZxVtOy BaSuO  ^ to B&TiO^  were examined 
over wide range, namely, from 5 up to 40 mole percent, AH the speci­
mens were sintered under' oxidising ©©nditions ( see' chapter II), The s in ­
tering process was conducted in  such a way to obtain w ell fired speci­
mens with high density, for the purpose of the conductivity measurements 
those specimens were selected from each group which exhibited as close 
sp ecific gravities as possible in  the range from 5,60 to 5.80,
%k*% ■ ! ' T
.... Tbb ceramics of barium titan ate. comprising different, additives 
'‘"were1 subjected to exasdimtion of "do’ conductivity at constant electrica l 
■stress#: jF temperaturesran^ng from "about 30* 0 to'
30Q*iEbor’.*k^ 0k»ur^ iaie>'sa1bs .';'Aon‘ conductivity’ of the specimens wort
; made'M:.the;s ^ iJ ^ h cip le:'as,has been described in  section 3*t ,
.. 3*4*4*. E esults*'
The do conductivity of various. so lid , solutions f . containing ba­
rium titanate a s , the principal; component .with ..some .mole ,percent of addi- - 
tives was plotted as a function of reciprocal absolute temperature,
.These relationships ware presented in  Hg,3* 4,1 and 3«4*2, further*. in  
■, fig*3-4#3 i s  shownthe.do conductivity of ,these ceramics .as a function 
(.0f mole .^roent of additives inc^prat^d in to  barium .titaim^,,; j^om 
;, th e, resu lts obtained i t  follows th at. the additives; o f BsSnQj and Ba&rO^
:. di crease conductivity o f ...barium, titanate ceramics  ^in . the investigated ■ ;
. range (5 to  3® mole parent),..The. additives of SrTiO ,^ in  .the range of !
5  : to  ,.30 mole percent incorporated to barium titanate increase it s  condue- . 
iiv ity , But, incorporation of 30 mole % of SrTiOj to  barium titanate shows 
a decrease of conductivity, (fig , 3*4,3* )*
from the results presented in  lig,3*4*1and 3*4*2 was caXcula-. 
ted the activation energy (see section 3*2.) corresponding to the various
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compositions. Th® r e s u l ts  were l i s t e d  in  tab le  No. 3.4*1.
f  a b l e  No. 3.4*1.' /.. A o tiv a tim  Knsrgy as a  function  o f
'. . jw io a e  siix tu res.
Solid  Solution' M ixtures, 
(aole percen t)
£ BaTiO
1*40
0.76
1.20
/of:.the . r e s e ts ' p rase iite i im 3.4.1 and H g,3 ,4*  
2* | . .■ end i n  tab le  $o«- th a t  vth a :.;a e ^ y a iiim ,« a e rg j varies.
:wlth change :0dP.- <iaiai1fciTO«&.
fhe ■ additive  r/wkich In c re a se ; a c tiv a tio n  energy of barium t i ta n a te  ccmpo- ' /
’sitio iv ;. a lso  ra is e  i t s  re s is t iv i ty *  : .. ■ V .  , ;
-fhe ■ r-sasonwhy a d d !tire s  of. such, m ate ria ls  as BaSnQ^ BaZrO- or
' ' ' *
; SrliO* change ..the conductiv ity  of BafiO i s  not c le a r -a t  th e 'p re se n t
 ^ s ta te  of knowledge, As follow s from th© procedure fo r. the p reparation  of 
i the  speciEiem the added cation, m a t  e n te r  in to  the structure, o f . the 
: BaTiO^ l a t t l c e  and change, the l a t t i c e  constan t. Bhe change Of te tragona- 
X i ty (  ° / a  r a t io  ) o f the c ry s ta l  s tru c tu re  due to  the in troduc tion  o f 
BaSnOj, BaZrdj or; S rfiO j t o  barium t i ta n a te  has been shown by c ry s ta l!  ©- . 
g raiih io .exaiidnatio^  made;by'llegasr./:., and o thers -,. :; ■- I'and.^
found t o . be a. decrease,. . Bat f . th is  decrease o f  l a t t i c e  constant cannot 
a l one explain-.' t h e , y&rj a t i  on o f ; conductiv ity  w ith add itives |  since .
BaSnOj and Ba^rO^ deer®see conductiv ity  and SrTiO^ in creases i t :  .(up to  
20 m '30 mole per cent)* :
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3* 5* 0 , Leakage curren t in  .the B&TiO  ^ ceramics as a fu n c t io n .
;. ©f time* . ■ : : . -v ■ ■
" ■ . ■ ■ Luring the measurements ©f the' volume do*, conductiv ity  o f ;
barium t i ta n a te  ceramics i t  was observed th a t  the conductiv ity  i s  s tron ­
g ly  influenced by time below 130*0. The behaviour ©f the leakage cu rren ts 
ag a in st time i s  In te re s t in g  fo r  i t s  e f fe c ts  on E~G timing c irc u its ' in  . 
which a  barium t i ta n a te  condenser would be used* F a rth e r , these cu rren ts  
may cause a  dev ia tion  t r m  th e o re tic a l values and introduce e r r o r s ,  from 
various fa c to rs  and conditions which n o m ally  cannot be controlled*
. Knowledge ©f these f a c to r s ,  i t  seems,would be h e lp fu l i n  p red ic ting  c i r ­
c u i t  behaviour* B esides, the behaviour o f the leakage cu rren ts may throw 
scams l ig h t  on the mechanism o f the e le c t r ic a l  conductiv ity  of barium 
t i ta n a te  ceramics,-'
; For these reasons an in v e s tig a tio n  , ©f the v a ria tio n  ©f the 
leakage cu rren ts w ith time was undertaken,
3*5*1* ' . Sam ples*/'
■ The specimens, were prepared In  the. fo m  of d isc s  2*5. cm, ' 
in  diam eter and about 0*05 cm, in  thickness* The ing red ien ts f r m  which 
the specimens were prepared were very  pure* The s in te r in g  was conducted 
in  an oxygen atmosphere* The specimens exh ib ited  sp e c if ic  g rav ity  between 
5*63 and 5*70* A ll specimens were divided in to  two groups ( I  and II)*
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5* 5* 2* Method ©f maaauremeni.
The measurements ©f the leakage cu rren t as a  function  ©f 
time were made by means ©f a  very  sen sitiv e  do. galvanometer, possessing 
a  sho rt period  ©f o s c i l la t io n  ( about 1 s e c .) and a  stop-watch. The r e s t  
o f the instrum ents used , such a s  m  e le c t r ic a l  furnace e tc ,  were the 
same as has been u t i l iz e d  in  the former measurements, described in  the 
se c tio n  3 * i.2 ,
3.5*3* ■ Measurements. -
In  order to  examine the leakage cu rren t the following 
investigationsw ere undertaken*
a )  the leakage cu rren t as a function  of time fo r  the f i r s t  group o f 
specimens a t  temperature below (20* C) and above the Curie Point (130*0) 
were found. Then, the same specimens were subjected t© the heat trea tm en t, 
by b o ilin g  fo r  4  hours in  s i l ic o n  l iq u id ,  and the above examination was 
repeated .
b ) The leakage cu rren t a f te r  rev e rsa l o f the p o la r i ty  o f the applied 
f i e ld  s t r e s s ,  fo r  the specimens o f group I I  were found, Wamely, a f te r
20 minutes o f prolonged ap p lica tio n  of the e le c t r ic a l  s t r e s s  in  one 
d ire c tio n , the leakage cu rren t ©gainst time was measured. These measure­
ments fear the same specimens, a f te r  heat treatm ent , were repeated.
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3*5*4. ' ■ - B esuits of ■ the ■ measurements.
fig* 3*5.1. shows the behaviour o f the do, leakage cu rren t
.a f te r  sw itching on the e le c t r ic a l  s t r e s s .  from th is  'graph i t f e l l o w s  
■ th a t  the leakage' cu rren t c o n s is ts 1; o f ; two p a r t s , namely t r a n s ie n t ; and' 
S ta tio n ary  and i t  may be represented  byt ■' ’
_ i ,W a r  a. s te a d y .e le c tr ic a l  f ie ld :  th e .i n i t i a l l y  h igh  leak a- i 
ge .c u rre n t f a l l s  w ith time * ..reaching, a: f a i r l y  steady value a f te r  a .■ , : 
c e r ta in  t t a f W h i c h . i s  dependent , on the temperature a t  ■ which, th e  measu-
tio n a ry  value o f the  leakage cu rren t a t  20*0 (and B « 0.1 W/m) i s  rea­
ched a f te r  approximately 20 m inutes, fig* 3 .5 .2 . shews the leakage cu rren t 
as a  function  o f time a t  d if fe re n t  temperature^ before and a f te r  the 
hea t treatm ent for. the sample o f group 1* The ordinate in  logarithm ic . 
sca le  rep resen ts the  ra ti©  o f tra n s ie n t cu rren t to  the cu rren t 20 minu­
te s  l a t e r  which i s  n e a rly  s ta tio n a ry  as i s  seen in  f ig .  3* 5.1 *
where*
c£ and §  may be supposed to  be constan t, dependent ©n
temperature a t  constant e le c t r ic  stress*  
■*ata»~ i s  s ta tio n a ry  value, o f the leakage 
current*
t  tim e.u
rements ware made, (see Hg«j3*5*2*}* M  i s  seen from Hg.5*5*1 the sta~
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Frost tbs graphs shewn i n  Fig. 3 .5 .2 a , i t  follow s th a t  the leakage 
cu rren t he l o t  130*0 i s  a ffec ted  strong ly  by the tin®, At 130*0 th is  e f f e c t  
o f  time i s  sm all. In  Hg#3.5«2b- i s  shewn, th e  leakage cu rren t fo r  the 
sample o f group I  a f te r  the h ea t tre a tm e n t.; I t  is 'see n *  th a t a f te r , the 
heat..treatm ent the v a ria tio n s  of the leakage cu rren t w ith  time are small 
in  c ^ p a r i  s m  td.th th e , f o i^ r #  (■ H g . 3# 5* .2a )., .;:: .
M g. % % %  rep resen ts , the leakage. cu rren t as a  function  o f  time ; 
a f te r  re v e rsa l o f the p o la r i ty  o f the e le c t r ic a l  s t r e s s .  Hie curves "a" 
and % tt i n  Fig. 3*5* 3 are fo r  the  specimen o f  group I I  before and a f te r  
ap p lica tio n  o f  the heat treatm ent * resp ec tiv e ly . Also here* as in  the 
former experim ents, the v a ria tio n  of leakage cu rren t decreased a f te r  the 
ap p lica tio n  o f the heat treatm ent.
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3*6« $he long term v a r ia tio n  ©f the  I© conductiv ity
of B a  T i  Oj ©©ramies,
3.6 .1# Introduction*
A number of s c ie n t is ts  (^ 5 ,193 ,200) pointed ©at that. ' 
barium t i ta n a te  confounds e x h ib it a  decrease ©f capacity  and le s s  tangent 
■ as  a  function  o f tim e, The question nm  a r is e s  as to  A e th e r  there  i s  
any re la t io n  between de conductiv ity  o f barium t i ta n a te  ceramic and pro­
longed time* As f a r  as i t  i s  known m  re p o rt o f th is  re la tio n sh ip  has 
been published* Therefor®, the  in v es tig a tio n  o f the s ta tio n a ry  do conduce
t iv it y  o f BaK03 “ * " * •  88 a ° f  prolong9d tto3 unaartak8n*
She s ta tio n a ry  value o f the do conductiv ity  i s  taken as the value ©f
e le c t r ic a l  conductiv ity  which was measured 20 minutes a f te r  app lica tion  
o f e le c t r ic a l ,  s t r e s s  to  the specimen# r
3#6#2#;-- ' Samples*
The samples were prepared in  the fo ra  o f d isc s  2*5 cm diameter 
■and about 0*05 cm i n  th ickness, from very  .pure components, BaG+TiQg,  in  
stoiolseioraatrio proportion* She s in te r in g  was conducted in  an oxygen 
atmosphere * The following sau ries were. taken under. consideration?
. Sample Ho* 620, having the sp e c if ic  g rav ity  5.40 
saagla'Ho, 631,  " ■ " * " 5.66
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Sample Ho* 635» having the sp e c if ic  g rav ity  5.43 
/ttaapl© N©,642, * * * * ■' . 5*68...
sam ^e H6.654, 11 * .*  11 5*71
3*6*3# Methods of measurements, .
The measurements of d© conductiv ity  were, conducted in  the 
way described  in  sec tio n  3. 2*2.  and they were repeated d a ily  over a 
period o f  twelve months, The measurements o f conductiv ity  were c a rr ied  
out Under d if fe re n t conditionsf the specimens Ho*620 and Ho* 631 were 
kept a t  room condition  the specimens Ho.635 and 642 were placed in  a 
d e s ic c a to r , which was exhausted to  0*05 wa fig.:
1 ) to  e lim inate  o r ra th e r  decrease ^electrode ageing which would in flu x  
©no© the do conductiv ity  o f  the  specimens. I t  is- known th a t ©sone, oxides 
o f n itro g e n , ammonia and sulphur compounds re a c t w ith e iiv e r ,
2 ) to  decrease water absorption by the specimens, and to  m aintain the 
samples i n  a  condition c le a r  Of uncontrolled  im puritie s, ....
The l a s t  two specimens (No.6.35, 642), a f te r  s in te r in g  and 
ap p lica tio n s o f s i lv e r  electrodes, were placed in  an e le c t r ic  oven a t  
20*0 and then the temperature was' increased to  160*C. The specimens were 
kept a t  th i s  temperature fo r  3 h rs . in  o rder to  remove absorbed water* 
Then the specimens were transferred .quickly to  the d e s ic c a to r ,, The upper 
hole o f the desicca to r was Closed by means o f a polystyrene cork and
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plugged by melted polythene. Through t o  cork passed w ire s , contacted 
to  t o  e lec trodes • o f t o  specimens* t o  w ires were heated to  pass to m  
through t o  polystyrene cork* The atmosphere inside t o  d esicca to r was 
reduced to  0.05 tm  Hg. by  means o f a  d iffu s io n  pump, whieti was connected
(Vie ' ’ :
w ith Nd esicca to r by & separate g lass  tube and valve* t o  construction  o f , 
t o  d es icca to r was s im ila r 'to  th a t ,  which i s  described  in  appendix Ho*IT. 
t o  ©ample. No.654*' a f t e r  the; h e a tin g ; procedure (as for- specimens N©,635,
: and 642) was quickly ismssrsed . i n  p a ra ff in  wax, and l e f t  a t  rccm condi- 
tiens*  ; ;'' "
3<*6*4* Results*
. t o  r e s u l ts  o f t o  ms asurements Ado conductivity, s i .  function  
o f prolonged time are shewn in  Big* 3*6.2* i s  can be seen from B ig.3. 2*6 
t o  sample© Ho.635*642 and 654* did. not e x h ib it a  serious change, o f t o  
do conductiv ity  w ith  time during twelve months* Specimens Ho, 620 and 
Ho, 631 did e x h ib it seme:; change© i n  conductiv ity . Namely, during t o  f i r s t  
day© (30 to  50) those s a b l e s  exh ib ited  some increase o f  do conductivity . 
Moreover, t o  sample© Ho. 620 exh ib ited  4 h igher increase o f conductiv ity  
than  t o  sample© Ho,631 * I t  seems, t o t  t o  increase o f conductiv ity  
observed i n  t o  f i r s t  day© fo r  samples No, 620, and No. 631 i s  due to  
absorp tion  o f  w ater by th e  specimens,
From r e s u l ts  obtained i t  follows th a t  t o  da conductiv ity  fo r  
barium t i ta n a te  ceramic© seems to  be independent o f time over a  period
DC. CCNDDCTIYITY ( chmx om )
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o f 12 months* i f  the specimens a re . ire l l  s in te re d , not very  porous* '
The sample;. F©*620 exh ib ited  a  h igher Increase ©f conductiv ity  than 
the specimen Hq,631, since the f i r s t  ©n© possessed a  lower density  
(more porous) than  the o ther me* The samples, Ho,635,&f2 and 63k were 
" p ro tec ted  again sth^a id ity  ,  and th e re fo re , they  d id  no t e x h ib it a  
se rio u s change in  conductiv ity , ihe i n i t i a l  f small change observed in  
conductiv ity  in  the- samples HO* 651 and 642, i s  due, i t  ^seems, to  sm all 
q u a n titie s  ©f »© istnesa. picked up during the tr& nsferofthe specimens 
. f r m  oven to  desiccator*:
3*'7f Ooac&usions*':
On the b asis  of the r e s u l ts  obtained the following p ic tu re  o f  the 
e le c t r ic a l  conductiv ity  mechanism fo r  barium t i ta n a te  type of ceramics
maybe appear* .
1) One o f the main, sources of the  lower decrease o f the do conductiv ity  
i s  absorbed moisture* Namely, due to  an e le c tro ly t ic  reduction  which 
causes the in su la to r  BaTiO^ ceramic to  change in to  a  semiconductor o f 
the N-type, The reduction  c o n s is ts  o f  the add ition  o f hydrogen atoms to  
the tita n a te*  The ad d itio n  of hydrogen to  BaTiO^ causes seme ■ o f . the 
tatrav& lent t i ta n a te  t o  change in to  the t r iv a le n t  s t a t e , sim ultaneously 
changing the exi&e in to  the hydroxide?
n o 2 "♦ h2 »  ®to (ca)
; 4. in .a n ^ e le c tr ic a l  ^  c ry s ta l  f r m  '
the .. anode because a  la y e r  o f omnipresent chemi-sorbed water ..in subjected  
■ W e le o tro ly e to * ,!? ^  p a rtic ip a te  in  the s tru c ­
tu re  . by film in g , CM ions f r m  normal;, anions and , "availab le" e lec tro n s , 
The,; l a t t e r  ;are  responsible, fo r  the degradation, The d iffu s io n  of protons 
.in to .;a .la t t ic e ,: i* -S .ra th ern o tq u o .p ro cess  because.protons can emigrate.. ;■ 
through: c ry s ta ls  ..: w ithout req u ir in g : h i # , a c tiv a tio n  energy*,; ,
I t  seems th a t  there  are the follow ing remedies fo r  the low con­
d u c tiv ity  due to  degradation o f barium tita n a te s s
a )  the e lim ination  of w ater f r m  the ceramic body by a  tr© a t e n t  w ith 
■■hydrophobia - ocm^mads*; :
stopping the m igration of protons through the c ry s ta l  la tt ic e *
She improvement o f In su la tio n  by means of the ap p lica tio n  of 
the simple hea t trea tm en t, described in  sec tio n  3*3*, in d ica te s  th a t  i t  
i s  due to  p ene tra tion  o f the silicon© liq u id  (transform er o i l  e , t ,c » )  
in to  the volume of ceramic body, so th a t  the moisture i s  p a r t ly  removed 
from m erovoids w ith in  the specimen and on i t s  surface* The displacement 
by s ilic o n e  liq u id  i s  f a c i l i ta te d  by heating  because of expansion of the 
microvoids* reduction  o f the v isc o s ity  of the liq u id  used and accelera­
t io n  of w ater evaporation.
The r is e  of the do conductiv ity  o f barium titanat©  ceramics 
subjected to  high e le c t r ic a l  s t r e s s  i t  seen^, , is due to  io n iza tio n  
by c o ll is io n  w ith f a s t  e lec trons followed by the consequent io n ic  migra­
t io n  under the influence o f the e le c t r ic a l  f ie ld .  Also i n  th is  case the 
in te rn a l  p o la riza tio n  of barium t i ta n a te  would o ffe r an explanation fo r 
the marked a f f in i ty  observed. But, a t  p resent the law of in te rn a l pola­
r iz a t io n  i s  not c le a r  as can be deduced from present theory  o f fe rro e le c -  
t r i c i i y .  (see c h a p te r ! , )
I t  follow s fran  experiments don© (sec tio n  3*6) th a t  the do 
conductiv ity  o f barium t i ta n a te  ceramics do not ex h ib it ageing process 
w ith  time (up to  12 months).
A resume of the examination conducted here I s  th a t  the do conductiv ity  
of barium t i ta n a te  a t  constant temperature i s  a ffec ted  fey m oisture content* 
e le c t r ic a l  s tre ss*  and the presence o f fo reign  atoms.
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C H A I 1 S S  nr.
Some Factors Influencing  Nonlinear P roperties 
o f F e rro e le c tr ic  Ceramics,
4 .1 , In troduction ,
4 .2 , E ffec t ©f c ry s ta l  g ra in  size  on n o n lin ea rity  
■ ©f barium t i ta n a te  ceram ics,
4 .3 , ■ E ffec t o f add itives on n o n lin ea rity  .
of fe r ro e le c tr ic  ceramics,
4*4, E ffec t o f TiOg/BaG r a t io  n cn lin ea rity
of barium titanate ceramics,
4 .5 , E ffec t of the magnitude of do, and ao* 
f ie ld  s t r e s s  cm the n o n lin ea rity  o f 
f e r ro e le c tr ic  ceramics, .
4 .6 , Conclusions,
4,1* V  ' In troduction , v
: ■ , - Tti© .specia l ■ in te r e s t  ©f fe r ro e le c tr ic  m ateria l i s  th e i r  a p p li-  
c a tio n  i n  the charac ter ©f non linear elements in  soma: e le c t r ic a l  c irc u its*  
cm  ©f which i s  a  d ie le c t r ic  am plifier* As i s  known ( see chapter ! )*  the 
nonlinear p ro p ertie s  ©f fe r ro e le c tr ic  m ateria ls  are re la te d  to  the r a ta  ©f • 
change of th e i r  d ie le c tr ic  constant w ith e le c t r ic a l  strength* When the &© 
f ie ld  s t r e s s  i s  increased the d ie le c t r ic  constant inereages■ in i t ia l ly *  re a -  ' 
©Mug a  msxiuM a n t t o n  decreasing. The ap p lica tio n  o f a  da b ias in g  f ie ld  
upon which i s  superimposed the m a l l  ao measuring f ie ld  causes a  decrease 
in  the d ie le c t r ic  constant o f the m ate ria l,
The degree o f n o n lin earity  fo r  various known {ferroelectric© i s  
d if fe re n t , (see chapter I , ) .  For some ferroe lectr ics th is  hondineartty. 
occurs in  the range' o f week f ie ld  s tre ss*  for- o thers in  stronger ones. I t  i s  
known th a t  th is  n o n lin earity  i s  very  dependent on temperature and i s  h ighest 
i n  the v in io i ty  o f the Curie p o in t. In  work represented  are considered those 
ferroslactrlcsw hio lj ex h ib it la rg e r  nonlinear- p ro p erties  i n  the range o f weak 
f i e ld  s tren g th s , To these' belong® 'Bodiell® S a l t ,  h a t due to  i t s  drawback 
mentioned in  f i r s t  R a p to r  o f  M s  work, i t s '  p ra c tic a l  ap p lica tio n  as a  
nonlinear, rea c tiv e  element i n  e le c t r ic a l  c irc u itry , seems to  be non-ex isten t 
now. At p resen t the only serious ’f e r ro e le c tr ic  which finds ap p lica tio n  as 
a  nonlinear d ie le c t r ic  i s  bari*«m titanate . .and i t s  so lid  .solutions w ith m m  
a d d itiv es  which may be fe r ro e le c tr ic s  ©r ncsnferroeleo’feries (see chapter 1 ) ,
She nonlinear p ro p ertie s  o f  feariua t i ta n a te  ce ras tes  as' a  function  
o f  e le c t r ic  f ie ld  s t r e s s  have. been investiga ted  by ML. (1946) f von H ippel. 
( 1946)1 Bonley; (194?}| Roberts.' (1946)* Jackson, Beddish* P lessner (1946) 
and others* Partington* P lanar and Boswell have investiga ted  the v a ria tio n  ' 
©f p e rsn ittiv ity  w ith time during the ap p lica tio n  © fa  superimposed, e le c t r ic  
f i e ld  and sh o r tly  a f te r  i t s  removal. The n o n lin earity  of barium t i ta n a te  
a s  a  function  of frequency has been in v estig a ted  fey Jackson, Fouler and 
von B ippel1. (see; ciiapter 1 ),
. ' • i l l  these in v es tig a tio n  were c a rried  out on samples which were pre­
pared fey s im ila r methods* ’ the fac to rs  in  the p reparation  o f samples have not 
bem  considered fey th e ir  in v es tig a to rs , In  the second chapter o f th is  work 
i t  was shown th a t  the p ro p erties  of fe r ro e le c tr ic  m ateria ls are dependent' 
on the technique of p reparation  of the. samples. Therefore, the examination 
of the n o n lin e a rity  .of barium t i ta n a te  ceramics which were prepared fey d if fe ­
re n t technique was undertaken' subsequently*. Ihe in v es tig a tio n  o f the nonli­
n e a r ity  o f ' f e r ro e le c tr ic  "ceramics fey the above' n^ntioned in v es tig a to rs  was 
c a rried  a i t  only a t  sm all as ■ f ie ld  - s tre s se s  and comparatively la rge  do 
f ie ld s ,  T herefore, in  th is  work. the. • exemixjatiqa of the non linear!ty  of ' " 
f e r ro e le c tr ic  ceramics a t  d if fe re n t m  f ie ld  streng ths superimposed m  
do f ie ld s  was undertaken.,
, j  She following fac to rs  in fluencing  h o n lin ea rity  were considered s
1) C rysta l g ra in  s ia a ,
2) additives* '
3) TiOg/BaO ra ti© .
and ; 4 )  "magnitude of do, 'and ac. f ie ld s  s tre s s .
4 .2 .1 , . B ffee t o f c ry s ta l ' grain, s ize  m  nonlin® artty  ■
.of barium t l ta n a ta  c e ram ics ,';
v l i i  ;thO^previous chap ter o f  t h i s  th e s is  has hem  pointed out the", 
influence o f c ry s ta l  g ra in  s i  a© on the magnitude of the d ie le c tr ic  con­
s ta n t  and lo s s  tangent o f barium t i ta n a te  ceramics a t  weak ac f ie ld s  
M s  sec tio n  deals with the influence of c ry s ta l  g rain  sis© on the 
nonlinear p ro p ertie s  of barium t i ta n a te  ceramics.
Specimens.
Fan? groups o f barium t ita n a te  ceram ics, possessing various 
g ra in  sizes were prepared, according to  the method .considered in  chapter I I  
of th i s  th e s is . Fear the purpose o f the non linear!ty  examination those 
specimens were - se lec ted  which exh ib ited  higher" sp e c if ic  g rav ity .
She d a ta  o f ' tbs se lec ted  specimens are given'below!
8-
Groups of . Average, diam eter , .. S pecific  .
'specimens : . ■ o f  g ra in  size  ' g rav ity
■■ microns :
X* k . 5.6?
I I . 10 ; 5.71
in * 100 5.73
rsr. 160 5.72
All" specimens were prepared from f in s  ; ponder o f p a r t ic le  size  o f ■ 
the order o f 1 micron* the im purities  l a  the raw m ateria ls were le s s  than
I JS*:- V= ■/, ; :
Measurements and Be s a l t  s.- .
The examination of the nonlinear p ro p erties  of the above mentio­
ned ceramics was conducted a t  various ac. and do* f ie ld  streng th s . The mea­
surement o f the d ie le c tr ic  constant o f these ceramics i s  d i f f ic u l t  a t  high 
e le c t r ic a l  s t r e s s ,  due to  the r is e  in  temperature caused by d ie le c tr ic  lo ss  
heating . Therefore * in  order to  majbtain the temperature o f the specimens 
as constant a s  possib le  during the measurements, the samples were placed .. 
i n  c irc u la tin g  silico n e  liq u id  and the e le c t r ic a l  f ie ld s  were applied to  
the specimens only fo r  su f f ic ie n t  time to  make the measurements*,
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fhft d e ta i ls  , o f .measurements are described in  appendix No. 71,.. v
The d ie l e c t r ic , c o n s tan t. o f  th e . in v e s tig a te d : ceramics was measured 
a t  various e le c t r ic a l  s t r e s s e s : and a t  a constant frequency o f 10 Kq/S .
I l l  measurements. w ere,done.at room tem perature.,.In  life* 4-*2.1 * i s  shown 
.the change of , d ie le c t r ic , co n stan t. w ith  measuring.,a o . f ie ld , s tren g th  fo r  
the in v es tig a te d  ceramics, i s  can be seen from the re s u lts  presented in  
H g .4*2,1 f the dependency of d ie le c tr ic  constant upon the ac f ie ld  i s  
much more pronounced fo r  specimens having f in e  g ra in  than la rge  g rain  
s tru c tu re . ;
The e f fe c t  o f da f ie ld  on the increm ental d ie le c tr io  constant 
was next examined, H g .4 ,2 ,2 , shows the change o f the increm ental d ie lec ­
t r i c  constan t as a  function  o f do f ie ld s  fo r  ceramics possessing d if fe ­
re n t  c ry s ta l  g ra in  s iz e , IVem the curves presented i t  follows th a t the 
decrease o f the d ie le c tr ic  constant w ith measuring do 'f ie ld  stren g th 1 
i s  much g re a te r  fo r  specimens comprising la rg e  than fin e  c ry s ta l  g ra in  , 
s iz e ,, ^ s  re la tio n sh ip  i s  in  opposition to  th a t  obtained in  the p re­
vious experiment, (see H g .4 ,2 ,1 .) .  Therefore, i t  i s  evident th a t  barium 
t i ta n a te  ceramic possessing’ f in e  g ra in  s tru c tu re , i s  more sen sitiv e  to  
ac , f ie ld ,  s tren g th  than ceramic comprising la rge  g ra in s . The l a t t e r  i s  
more 'sensitive, to  do stress, than the .fine, g ra in  ceramic, .
The h y s te re s is  loops fo r  specimens No. I  and Mo, I I I  were taken 
a t  a  frequency of 50g/b  and e le c t r ic a l  s tren g th  o f 0,47 ^v/m* $ ig ,4»2Ja 
and 4,2.3^show the h y s te re s is  loops fo r  the above mentioned ceramics.
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Mg* 4«2.3. H ysteresis loops fo r  barium t i ta n a te  ceram ics, caapri* 
slog fin© and . large  c ry s ta l  ■ grains* .
a / , .. Sample ( Wo I # so© p*218 )
©apprising: fin© c ry s ta l  grains,
fe/* Bmpl© { Ho IIX , s@© p .218 )
; comprising large' crystal' grains,
The photographs ind ica te  'somewhat sm aller losses'fear- fin® c ry s ta l ' g ra in  
than  fo r  la rge  g ra in  ceramic respectively* The h y s te re s is  loops were : 
taken f o r  aged specimens* Namely,, these' photographs were- made 80 days •; 
:a f te r  the e lec trode  applic& iions*'
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The re s u l ts  obtained indioat© th a t  ceramics possessing fin© g ra in  
s tru c tu re  are more d i f f ic u l t  to  p o larise  with do f ie ld s  than  ceramics 
w ith  large  g ra in  s tru c tu re . I t  seems, th a t- fo r  fin© grain;” ceramic the 
sw itching o f domains by 90* frcm the high d ie le c tr ic  constant d ire c tio n  
S a# to  the low d ie le c tr ic  constant d ire c tio n  EQ i s  more d i f f ic u l t .  As the 
g ra in  s ize  i s  increased , le s s  r e s t r a in t  i s  imposed;on the domain rea lig n ­
ment by do f ie ld .
4.3 .
Influence of additives on nGnlinaaxity o f barium 
titanate type of ceramics.
I t  i s  known th a t  seme add itives incorporated in to  barium ti ta n a te  
increase  i t s  non linear p ro p erties  (see chapter I* ) . In  many known oases 
these ad d itiv es  are m ainly non ferroe lee tz ics. Among these the compositions 
o f (Ba, Sr) TiQj have been investiga ted  by many workers Ih e ir
n o n lin ea rity  as & function  of ac f ie ld  has been examined by Donley# and 
th e i r  dependency on do f i e ld  by E&ppel and o thers. B it the published 
da ta  are restric ted  mainly to  the compositions o f 73 % BaHOj * 25 % SrfiOj* 
and 69 % BaTiO^ ♦ 31 % S rliO j.
I t  was resolved to  to  in v es tig a te  the n o n lin ea rity  o f the barium 
t i ta n a te  as a p rin c ip a l component w ith o ther add itives as follow s;
BaZrOj 
BaTi03 ♦ BaSnOj
" BaTiQ^ * OuSqOj
, . Bam05 ♦ ' ’ ' ;
A® f a r  as i s  known, the nonlinear d a ta  o f those m ateria ls have not ye t 
been publi^aed i n  deta il*  ; /
' Specimens# 7
Specimens were prepared from para barium t i ta n a te  w ith the ■ requ ired  
mole percen t o f the p a r t ic u la r  ad d itiv es  incorporated* A ll .specimens were 
p r e p a id  by  slow s in te r in g  .and cooling method (see chapter I I ) .  The sin-* : 
ta r in g  temperature was v a ried . frcm 1370*0 to  1400*C dependent m  composi­
t io n  and .mole per cen t ..of additive* The. add itives were.. Incorporated to  
BaTiO* i n  the range o f 5 to  30 mole per cent approximately* The soaking' 
time ,was' the  same’ f o r  ,©11. specimens. 2 k rs* F ro m  a  lo t  o f specimens ob ta i­
ned t those were. chofsen fo r  examinatioa’,;ito<^..exhibited, the, sp ec ific  
. g rav ity  i n  the range from 5*67 to  3*75m .The .n&eroexandnatim showed ery -:'v; 
n t a l  grain, s iz e  ranging .from, 70 t o  150 g&crons* .;
" Measurements'and' ’re s u lts * ;
’ The’ prepared ceramics were subjected .to examination. The d ie le c tr ic  
constants and the .loss tan g en t were ’found, fo r  p a r t ic u la r ’ specimens a t  wide 
range .of a c , and do f ie ld s  s treng ths (see appendix Ho*7l). .
In  Hg* 4*3«1, i s  shoi/m the dependency o f the . d ie le c t r ic  constant 
on & o f i e l d  s tren g th  fo r  v a rio u s . ceramics* The measurements were done .
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a t  frequency o f 10 Kg / s .  ' The temper ataires a t  which the measurements 
war® conducted |  were equally  spaced ftrom the Curie Poin t o f the  p a r t i ­
c u la r  ceramic given by
*  ■ 1*2
As can be seen fro a  Fig*4*3*1 the maximum value ,of ’d ie le c tr ic  constant.. 
i s  readied  a t  d if fe re n t magnitudes of e le c t r ic a l  s tre ss*  dependent on 
composition* / The magnitude o f .the maximum d ie le c tr ic  constant i s  a lso  
'd if fe re n t fo r  various ceramics* The composition of 14 % BaSnOj + 86 BafiOj 
exhib its '' the .peak value; o f the d ie le c tr ic  constant a t  the lowest e l e c t r i ­
c a l s t r e s s  ( ’ 1 w 0*0105 t&rM ) ; among the ceramics in v estig a ted  here*
The h ighest r a t i o  £n,i e „ ; n. ia  exhib ited  ■ by th e . composition of
24 % Ba«rdj * 86.$ SaTlOj* The composition 30 % SrTiOj + 10 % BaTiOj 
shem  the peak of the d ie le c tr ic  constant a t  about 0 .2  W/m$ which‘i s  . 
the  g re a te s t value w ith in  investiga ted  compositions*
.3* order to  -examine the e f fe c t  of add itive  concentration i n  
barium t i ta n a te  on i t s  nonlinearity*  a series^specimens w ith various 
degrees of co n cen tra tim  of ad d itiv es were prepared and the r a t io  of 
TO3 found. The wir&mm Value o f £n>m. was assumed to  be 
th a t  value o f d ie le c tr ic  constant which was measured a t  the e le c t r ic a l  
s t r e s s  of M m 10 v/ca* These re s u lts  are presented in  Fig.4*3*2** where 
the r a t io  o f i s  p lo tte d  as a fonction  o f concentration of addi­
tives* From these diagrams i t  follow s th a t  the h ighest no n lin ear!ty  i s
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exh ib ited  by a  concentration of. about 10 % BaZrO^ t  90 % BaTiO^. A ll in ­
v estig a ted  composition show a  maximum n o n lin ear!ty  { ) a t
a given eanoehtratloKk. As the ca icen tra tio n  i s  in c reased ' over th a t  value # ' 
the n o n lin e a rlty  decreases# In te re s ted  behaviour i s  exh ib ited  by the 
composition o f BaTiO^ + SrTiO-j t  nsmelyt  i t s ’”' n o n lin earity  (the r a t io  .of 
?^vvt0>* j&vwn. } change® r e la t iv e ly  l i t t l e  w ith the increase  of concentra­
tio n . The c h a ra c te r is tic  of BaTiOj .♦ BaSnOj composition shows a very 
sharp drop of n o n lin earity  fo r  concentrations h igher than  10 % of  BaSn03.
The e ffe c t  o f ac f i e ld  on the lo s s  tangent o f various com­
p o sitio n s  was next examined. Big. 4*3.3 shows the dependency o f lo ss  
tangent on ac f ie ld  s treng th  fo r  various ceram ics. The measurements were 
done a t  room tem perature. As can be seen ,, from Fig.A* 3.3 the lo ss  tan ­
gent i n i t i a l l y  increases as the  :ac f ie ld  i s  increased*, then  i t  a t ta in s  a 
maximum value. F u ither increase o f ac " f ie ld  s treng ths increases the lo ss  
tangen t. The maximum magnitude Of lo ss  tangent was found to  be d if fe re n t 
fo r  various ceramics, The h i p e s t  change of the lo ss  tangent v&th ac f ie ld  
s t r e s s  was exhib ited  by the composition of 1£’j£ BaSnOj * 85 % BaTiC^.
As follow s fresa r e s u l ts  obtained (H g .4 ,3 ,3  and Hg.4*3«1)» the magnitude 
o f ac s t r e s s : a t  which a  given ©exposition a tta in s  a  maximum i s  lower 
than th a t  value a t  which the maximum of d ie le c tr io  constant has been rea ­
ched (lig*4# 3,1)# The in v estig a ted  ceramics exhib ited  lower values o f the 
lo s s  tangent a t  h i #  ac f ie ld  streng ths than pure barium t i ta n a te  ceramic. 
(F Ig .4 .3*3). F a rth e r | the re s u l ts  in d ica te  th a t  fo r  a  decrease of the lo ss
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tangent i t  i s  necessary to  increase  the ac. f ie ld  stro n g 'll above 
0.1 to  0*2 Mv/m.,  fo r  the c e r a t e s  investigated* ■
The influence o f da f ie ld s  on n o n lin ea rity  was' next examined. 
The increm ental d ie le c tr ic  constant was measured as a  function  o f do 
strengths*  a t  constant ac-; f i e ld  s tr e s s  o f S m 10 v/em r.m *s.* and 
frequency 1 Ma/c, The- measurements were dime a t  temperatures equally  
spaced f ro a  the Curie po in ts for' various, ceram ics. In  th is  way th a t 
r a t io  o f measuring temperature ( t )  to  the Curie temperature ( to )  was 
V ic  a  1 .2 . The re s u l ts  o f the measurements are presented in  H g .4 .3 .4 , 
where on the v e r t ic a l  ax is were p lo tted  the percentage changes of d ie lec ­
t r i c  constan t ^ / £ |  * As the £, value was taken the magnitude of the 
d ie le c t r ic  constant measured a t  do f ie ld  equal to  zero, i s  can fee seen 
frcm Fig, 4* 3*4 the maximum n o n lin e a rity , i . e .  the maximum change of 
increm ental d ie le c tr ic  constant w ith do f i e ld  s tre s s  was shown by the 
composition of %  % BaTiO^ * 24 % BaZrO^. This composition i s  p e cu lia r ly  
se n s itiv e  a t  lower do f ie ld s  ( F i g , 3*4)* The most l in e a r  change of the 
lucream ental d ie le c tr ic  constant w ith do streng th s i s  exh ib ited  fey the 
composition o f 70 % BaTiO^ ♦ 30.% SrTiO^, among the Investiga ted  ceramics 
and in  the range o f applied  f ie ld s .
The composition o f 90 % BaTiOj ♦ '10  % OsaSnO^  exh ib ited  the 
low est' s e n s i t iv i ty  to  do f ie ld s  * p a r t ic u la r  a t  lew, f ie ld s .  Also in  
F ig .4 .3 .4  4; i s  shown the influence of the b iasing  do f ie ld  on the d ie­
l e c t r i c  constant fo r  heterogeneous mixture f M3* described in  the previous
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se c tio n  2 .9 . (p*l6o). As can be seen from the re s u l ts  presented the 
■ h e te rogenous ndztures Mj. exhibited' sm aller s e n s i t iv i ty  to  do f ie ld s  
than  the other;, ceramics in v estig a ted  here, ; '
I t  has been s ta te d  by many s c ie n t is ts  the nonlinear
proper t i e s ' o f barium t i ta n a te  ceramics e x is t  in  the rang© o f about 
20 30* 0 above th e ' C u rie p o in t. This ' observation was ' co rrobora ted ' a lso
in  the so lid  s o lu t io n  of BaliO^ *♦* SrfiO^ The question a r is e s
as to  w h e th e r tb is  behaviour may a lso  occur in  the o ther so lid  so lu tions.
I t  was therefo re  resolved to  in v es tig a te  the nonlinear p roperties  of the 
' p reviously  mentioned ceramics above th e ir 'C u rie ' tem peratures. The th ree  ; 
follow ing ceramics?
I ) 70 % BaHO  ^ * 3 o ^  Srfi03 1 :
' 2 ) . % % BaliOj ♦; 2k fi BaSr03 ' ■
■ ■ 3)  ":BaTi0 3 >  l4^.B a3n03 '
were heated' t o  a s e r ie s  o f tem peratures above th e i r  Curie temperatures. - 
and the d ie le c tr ic  constants were measured: a t  zero do f ie ld  and a t  
1 .6  Mv/m. fo r  each tem perature,1 She r e s u l ts  o f these, measurements- are ' 
presented i n  F ig .4 ,3 .5 , I t  follow s from the r e s u l ts  obtained th a t  the 
e f f e c t  o f the b iasing  do f ie ld  on the p e rm ittiv ity  o f compositions (2) 
and (3) i s  v is ib le  over a wider range o f tem peratures above the Curie 
po in t than fo r  the composition (1 ), Ihe ceramic 85 % BaTiGj + 15 fo BaSnO  ^
exh ib ited  nonlinear p ro p erties  in  the w idest range o f temperature above 
i t s  Curie points'-among th e 'in v e s tig a te d : ceram ics.
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4*4-. ' 1 Bffect: of the ■ ^ViSaG ra tio ' ©a the n on linear!ty  :
©f barium ' ' o e r e ^ e s * ; :
Ihe e f fe c t  o f the XiOg/BaO m  thd p ro p erties  o f barium t i ta n a te  
has been Investiga ted  by a number o f s c ie n t is t s ,  S k a n a v i ^ ^  ca rried  
out h is  in v es tig a tio n  from the po in t o f view, o f the dependency o f the 
d ie le c t r ic  constant and the lo s s  tangent on weak - e le c t r ic a l  f ie ld s ,  . ■
Hovocdichov# Hodakov and Schulaam Investiga ted  the e f fe c t  o f the ,.
TiO2/ Sa0 r a t io  ©a the: d ie le c tr ic  co n stan t, mainly a t  50 c /s ,  ■
. .. 2h  t h i s : work the' e f fe c t  o f . t h e ; TiOg/BaO r a t io  on ■ the © onlineari- 
ty  o f  barium t i ta n a te  ceramics f a r  a  wide ' range ©f ac. and do. f ie ld  
stren g th s was examined,: This in v es tig a tio n  was c a rried  ■ cu t f o r  the fo llo ­
wing- fiOg/^aO molecular ra t io s  ■
^ 2 /S a Q  •  1 ,00 , 1,01 j 1.02,, 0 .9 9 , 0.98.
The m olecular ra tio s  were ca lcu la ted  on the assumption th a t  the 
components TiOg and BaO do' no t ‘ con tain  :' any im p u ritie s . ' ' :
Specimens,
The spedm ensf in  the form o f d isc s  (1 ,5  cm diam eter and about 
0,01 cm. th ickness) were prepared freta pure BaO ♦ TiO^ components, using 
the  conventional method of manufacture as noted in  Chapter XX,';\ / ;
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i l l  the specimens: were s in te re d  a t  1380*Cf fo r  2 hr®, in  an oxid ising  ■ 
atmosphere, The measurement® o f the d ie le c tr ic  constants were taken 48 hr®, 
a f te r  .the -.sin tering .process: and .the ap p lica tio n  o f  the. e lec tro d es . Therefo- 
;re.| .the i^asurement® correspond, to  the .fresh  unaged specimens,
Hesult®, v'V'" ■
.;. In  l lg ,4 * 4 * t, .is  shewn the dependency o f .the d if fe re n tia l, '.d ie le c tr ic  
.. constant o fbarium  t i t a n a te . ceramic® f . comprising d if fe re n t , r a t io s  ^X®2/Sa0 
., on various ac f ie ld  stren g th s . The measurements . were mad® at. a  frequency ,
. Of IQ &©/% As,can b e :seen tx*m H | . 4 , 4 , 1 .the. specimens having..the;
■ r a t io  .of 0.96 exhib ited  maximum dependency on the ac  - e le c t r ic a l  f ie ld .
The sample® containing HO2 in  excess o f the sto icheicm etrio  proportion 
d e f ln i t ly  show, a  decreaseAs e n s i t iv i ty  to  a s  f ie ld s ,  Bxcesa o f TIOg decrea* 
.ses* the absolute maximal va lue , o f d ie le o ti io  constaBt and s h if ts  i t  t o  
.the- h igher e le c t r ic a l  strengths* A® can be seen from H g .4 .4 ,1  the absolu- : 
to  max. magnitude o f . d ie le c tr ic  constant changes from about 3800 (Ti02/Ba0= 
1,02) to  8400 (TiOg/feaO *  0 ,96) fo r  various TiOg/BaO r a t io ,
l a  ..llg*4,4.2 i s  .Ohowm, #10 .'dependency of; the i ^ r e M n ta l  d ie le o tr ic  ' 
constant® as a  .function o f the do , b iasing  f ie ld  s tren g th s . The' measure­
ment® were,.made w ith an a®component .of 50. v/bm, at- 100 Kc/s* .and various •
1 strengths^ o f .d e  ' b iasing  f ie ld s ,  fe rn  th a t  the oeraM® containing the  
Ti02/Bao r a t io  o f 1.02 exh ib ited  the la rg e s t  dependency on do b iasing  
f ie ld s , ' fcses® of. TiQg o v e rs to id ie io m e tric  proportion increases ’noh lim a-
Fig. 4 .4 ,1 . DIELECTRIC CONSTANT AS A HJNCTICN OF AC. FIELD
STRESS.
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r i t y  o f bari*um tit& naie ceramic with do f ie ld  s t r e s s ,  a t  room tem perature.
The re s u lts  obtained in d ica te  th a t  asio& ll dev iation  frcrn s to ich a -
. ia s ie trio  p roportion  has an e f fe c t  on .the, nonlinear p ro p erties  o f  barium
titanat®  ceramics*: I t  seems th a t  vari& tiona of m i& in sa riiy  w ith  TiC^/BaO
(143.144)/7 \ratio-m ay have a  connection w ith change o f la t t ic e ,  constant ■ .. ( /a )
and w ith im p u ritie s  con tained-in  BaTiQj in g r e d ie n t s . . Namely, the c ry s ta -  
■ lographic measurements indicated, th a t  the increase, o f TiOg/BaO r a t io  causes 
r i s e -o f  c /a  r a t io ,  f a r t h e r ,  the small excess o f BaO .or TiOg over s to ieh e io - 
m etric  proportion  may has seme balancing influence on any p a r tic u la r  fo re ign  
a tces  i n  the  co n stitu en t m aterials*.' /
4*5#- ; B ffbct o f the ma^situde. o f ad 'and -do,.' f ie ld  s tr e s s  
on the n c n lin ea rity  o f fe r ro e le c tr ic  ceramics. ;
A number of s c ie n t is ts  (1 ,32,49) have investigated  the behaviour 
o f the d ie le c t r ic  constant o f ferroe lec tric®  as a  function  o f high do 
! f ie ld s  superimposed on small f ix ed 'a d  fie lds*  ■’'B it, as. f a r  as  i s  known no 
d e ta i ls  have been published about the behaviour of d ie le c tr ic  constant 
and lo s s  tangent of ferroe lec tric®  subjected to  various magnitudes of do 
and ad fie ld s*  Therefore, i t  was resolved to  examine the b eh av iou ro f a  
s e r ie s  f e r r o e le c t r i c  ceramics under various do and ao f ie ld s .  This exami­
nation  seems to  be im portant frcm the po in t o f view o f the ap p lica tio n  o f  
these m ate ria ls  as d ie le o tr ic s  i n  nonlinear condensers* The following
ceramics m m  examined, . ■ ,
; 70 f> &iio3 ♦ 30 f* amo3
These ceramics m m  prepared by. applying a  conventional method of . 
p rep a ra tio n , in  the fe rn  o f d isc s  .(about ;1. 5 cm diam eter, and 0*01 cm, v  
S ic k n e s s ) , A ll examined specimens exh ib ited  high sp ec ific  g rav ity ,; ran -  
ging frcrn 3.73 -  5 , 8 0 . . :
. The measurements o f the increm ental d ie le c tr ic  constant ana the 
lo s s  tangent were conducted by. the method described in  appendix No.VI. ,  
a t  do* f i e ld  s tr e s s  ranging frcrn, 0 to  about., 0 .9 Mr/m,, and a t  the. f o l i o - ' 
wing ac. stren& thst. 0 .001, 0 .1 , 0 .15 , 0 .2 , 0 .2 5 , and o,3 M r/% r.m ,s, ,-» 
freqroency 1 Ms/s, .
i i g .4 .5 .1 . ,  4 .5 .2 . and 4.5# 3 show the dependence o f the increment 
t a l  d ie le c t r ic  constant on do. , f ie ld  s tr e s s  fo r .se v e ra l,,v a lu e s© T a e .fie ld  
s tren g th s . The change o f the increm ental d ie le c t r ic  constant I s  expressed " 
a s  the percentage o f the d ie le c tr ic  co n stan t, measured a t  zero do.
f i e ld  s t r e s s ,  (% 0 * 0 . ) .  Brom the re s u l ts  p resen ted , i t  follow s th a t 
the ac. s t r e s s  changes the slope, o f the curves ,  and th a t  there  .e x is ts  a  
value o f ac. s treng th  a t  which the curve,  5 = f (^ v c )^  , a t ta in s  a  maximal 
slope ( fo r  in s tan c e , fo r  composition 70 % BaTiO-j ? 30.% SrTiOj a t
0 .2  Mv/a, H g .4 .5 .1 * ) . A lso, as can be seen , from the curve presented , 
the change o f ac. s treng th  v a rie s  the l in e a r i ty  o f these curves.
Fig* 4 ,5 .1 . IICHEMENTAL DIELECTRIC CONSTANT AS
A FUNCTION OF DC.
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M a snitmbla acv t M d  stress the (£*<■)^  attains an ©ptinuu
. Xim&rity* (for ©a^osition# ?@ fl BafiOj ♦ 30 #  SWIOj at Mm  m %£ Mr/is*}
M  3ig»4«S*% aM k»%% mm stem  the teponaamy o f the t o s  tangent as a 
fuaotlm  o f do biasing fiaM  for sa c r a l v a te s  of aot . strengths* iVcm the
■ resiHts ptremntad i t  that ©a the mplituae of aa. ti® M  strengths
Inorossoa tlw  lo ss tm g m t hm  decreased to  a low* fa ir ly  constant' . 
value* , ;  V  '■ ■ _ . ,
tha reralts presented for various oeranlost i t  i s  soon,
, v  ;. . :.' the . . . ,: ■: ; , . .■ . f
that csm sio (BafiOj ♦ BaSrOj) ss&it&tsd Ahighest rate o f change of per*'"
© ittititir  With electrica l Hold sireiagths. but their characteristics W  *
Iooo linear ttim. those for the compositions Ba£LQj *:£a&iQij and M iO j ♦ j
SrfiOj* ; %a of tho above materials 'o il have .ttoio swa '
pnoral . , .
^*6* .;■ ;.6oroCta»t<jiwi#,.: ;. , -M
Hbo fc ite iisg ' m y  b® otot*& m  tht basis o f the- results i
Obtainail ' -  '
1)* Barium tiia m te ' ceramics possessing ataail crystal grain struote® , obtal* I 
m& by tta» fast sintering process, wddfcifod a higher m m iv ity  to  a® field.;
.. strengths and smaller to  do* ,than oersmios''having large grain stratu s* ,
2) the- additives $9tSaOt 8a2fcOj or SrfiO-j, inscrporatai in  BaTiOj increase
■ i t s  sen sitiv ity  (nonlinearity) to  ac* and do. H olds. T to m x te m . rate of
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o f  eh&nge o f d ie le c tr ic  constant w ith ac , f ie ld  fo r  the compositions '
{^i©2 ♦ TiOg) BaO and (Zr02 .♦ TiOp) BaO i s  sh if te d  to  a  lower f i e ld  in  
comparison w ith  pare BaTiOj ceramic. A lso, the fe r ro e le c tr ic  teap@re.tare 
range above the Curie p o in ts  i s  apparen tly  extended in  the composition 
(ZrC>2 ♦ TiOg) BaO and (SnOg + TxOp) BaD. The h ighest nonlinear p ro p erties  
w ith ac. f ie ld s  i s  exh ib ited  fey the composition $0 BaTiO^ ♦ 10 Ba^rO^.
3)« ^ n o r  change o f T ^ /B aO  r a t io  has a  v is ib le  e f fe c t  on the s e n s i t iv i ty  
( ra te  o f  change o f the d ie le c tr ic  constan t) to  ac. and do, f ie ld s  o f bariua
ti ta n a ta  ceramics. A minor excess ( 1 - 2  %) o f BaO over the s to ich e io - 
m etric  proporticm caoses an increase in  the s e n s i t iv i ty  to  ac. f ie ld s .  
Bbceess o f TiOg in  the same percentage increases the s e n s i t iv i ty  of barium 
t i ta n a ie  ceramics to  do. b iasing  f ie ld s .  - ; ■
4 ) .  The slope and l in e a r i ty  o f the  c h a ra c te r is t ic s  o f  the increm ental d ie ­
le c t r i c  constant as a function o f  do b iasing  f ie ld s ,  A 6 ^  ~ J ( E p c)  ^  
are' a ffec ted  fey the magnitude o f  ac f ie ld  s tren g th s . There' i s  an optimum 
slope and l in e a r i ty  of the curve , A f  (  EDC ) ^  a t  a  given
ac. f i e ld  s t r e s s .  The increase of the ac f ie ld  am plitute decreases the 
lo ss  tangent to  a  lower,, f a i r l y  constan t,value .
The decrease of the increm ental d ie le c tr ic  constant w ith the b ia ­
sing  f ie ld  i s  not c le a r  a t  p resen t. I t  Seems th a t th is  phenomenon should fee 
c lo se ly  associated  w ith the induction  o f a  pemanent p o la r isa tio n  in  the 
m ateria l. Another possible explanation i s  th a t  there i s  a  con tribu tion  to
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the d ie le c t r ic  const e a t from 180* domain w all motion and th a t  the do bias,: 
by removing these w alls frcsa the c r y s t a l l i t e s ,  removes th is  contribution
" to ~ '
to  the i n i t i a l  d ie le c tr ic  co n s tan t, a t  le a s t  n o tAths ex ten t necessary fo r  
such an explanation to  hold*
A P F I N D I C I S
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<;
A p p e n d i x  Ho. I .
The measurements ■ o f physical and e le c tr ic a l properties;:.
o f barium tita n a te  ceramics.
A
.A* Physical properties.
1. Linear shrinkage*
The percentage shrinkage was obtained from the diameter 
o f the mould, minus the average diameter o f the sintered specimen, d iv i­
ded by the diameter o f the mould, and m ultiplied by 100* The measurements 
o f the diameters o f sin tered samples were made by means o f a very precise 
micrometer. The accuracy o f these measurements was about
2 /  S p ecific  gravity.
The sp e c ific  gravity ©f a sin tered  sample was determined 
from the lo s s  o f weight o f a wax -  coated d isc  on immersion in  d is t i­
lle d  w ater. Namely, the apparent lo ss  o f weight o f the body when sub­
mersed i s  equal to  the weight Of an equal volume of water! hem e the 
sp e c if ic  gravity  o f a body i s  equal to  the weight of body divided by 
i t s  lo ss  in  w eight when submersed.
■ The accuracy of these- measurements was- about -  1$. The
measurements o f the physical properties o f sin tered ceramics were d i­
f f ic u lt  due to  th e ir  low rep rod u cib ility , esp ec ia lly  for samples fired
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a t lower-tem peratures*;-lam e,, a large number, o f: samples needed to  be ' 
prepared la  order >. to  .obtain a. sa tisfa cto ry  average.
B* Sleetrio& l properties.
B ieleetri©  constant and lo s s  tangent, ■'*,■:■
Measurements ©f the d ie le c tr ic  constant and the, lo s s  tan­
gent a t 1. Kc/s* were by m©ans ©f a capacitance bridge ( logarithm ic capa­
citance bridge, Sullivan -  Griffiths ).
■ For the determ ination o f the d ie le c tr ic  constant and the
lo s s  tangent as a function o f temperature,  the tested  samples were lam er-.
sad .in  s ilic o n e  flu id  bath, agitated  fey a motor driven g lass stirrer*
She bath was heated fey an e le c tr ic a l heater, The bath and i t s  contents 
were perm itted to  reach equilibrium  a t each .temperature fey adjustment o f 
the heater supply. Temperature was recorded fey an iron -  eanstantaa ■ 
thswaocoupl# placed in  the v in id ty  o f the sample feeing under te s t .
, Headings ©f the d ie le c tr ic  constant- and the lo s s  tangent were- made at
5*0 in terv a ls, except in . the v in x city  o f the Curie p oin t, where - these 
measurements were.noted at 1*0 Intervals* 5b© electrodes o f the specimen 
, were .eosmected to  the term inals o f the b rid g e  fey short lengths (25 css) 
o f  .heavy copper w ire, These leads were separated fey a g lass tubing s le e ­
ve over on© lead wire, The c a p a c ity  o f the leads employed was measured ■ 
and found to  fee 12 rdcrcmicrofarads at frequency 1 £ c /s »  Since th is  
was. ©Ball in  in  comparison with the observed capacitance o f the examined
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spedm ens, i t  m s not considered in  the ca lcu la tion  o f the d ie le c tr ic  
constant* Ho edge correction w as'applied, since " the " d ielectric  constants 
were a l l  greater than 1000 and the electrode geometry was such that the 
stray  f ie ld  a t the edge m s principally in  a ir . This correction m ounting 
to  approx* 5 % of  the d ie le c tr ic  constant was. calculated  according to  ■ 
the method ©f &oott 'and C urtis,
The { d iffe r e n tia l ) d ie le c tr ic  constant was determined 
in  the usual maimer from the follow ing formula! ’ '
K a  £ '/c a  i l S .
° E.xA
where!
#  -  capacitance o f the sample in  Farads 
d -  thickness o f the sample in  meters 
A -  area o f electrod in  sq* m eters,
I  -  the perm ittiv ity  o f free space ( m  8 .854* lO^fhrad/^),
' ' , Tbs reproducib ility  o f the data under those conditions in
general* m s represented fey a max. variation  in  . X o f * 0.1J£ and in  . 
tan f  o f  4 1 fl.
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A p p e n a 1 x  Ho* I I , |
a) l la c tr ic a l cosCoustlon tube furnace,, • , ;
For the purpose o f sin terin g  barium titan ate ceramic in  a contro­
lle d  atmosphere, the combustion tube furnace was constructed, The refra ct 
to ry , ceramic (m u llite) tube 90 cm, long by 5*9 cm, diam eter, heated by 
four s ilic o n  carbide type o f resisto rs (54 cm, len gth , 1 ,8  cm, diameter) 
was employed. The e ffec tiv e  high temperature zone in  th is  furnace was 
approximately 23 cm*length. As the thermal in su latin g  m aterial, Morgan 
refractory bricks (23 x 11,5 x  7 ,5  cm*) were used* This furnace was desig­
ned for a maximum tube temperature o f 1500*0. The four previously menti©- 
ned heating elements were connected in  s e r ie s , and were fed fey a variable  
auto-transformator having a rating o f 30 amperer over the range 100 -  250 
v o lts . The temperature was recorded fey means o f a platin/asa-rhodiua ther­
mocouple placed inside the tube adjacent to  the d iscs feeing fired .
fe| ■ ■ Sintering in  controlled atmosphere,...
The gases were introduced in to  the combust!or, tube through a ■
0 ,5  c v  opening in  the end cover o f the tube. The pressure o f gases in  the 
tube was kept a t 2 atmospheres.
The vacuum in  the tube was kept fey means ©f m  O il D iffusion  
pump (Kdwards) which was operated ©ontinously as the samples were heated*
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- sin terin g  p ro cess ,■ ■
Ihs combustion tube was so designed that i t  could be sh ifted  
in to  the required p osition  in  the heating zone or outside the zone* I t  
made p o ssib le . the preparation o f ceramic subjected to  short soak time 
o f sin terin g  temperature and Tory fa s t cooling process* fe s e ly , after.' 
heating the specimen to  the required temperature and for.th e  necessary 
soaking tim e, the tube with the sample in sid e i t  was displaced from the . 
heat zone to  the cool p la ce , in  order to  lower the temperature o f the spe­
cimen in  a very short time* the drop o f temperature was lim ited- by the 
a b ility  to  withstand thermal stress o f the sintered ceramic,
A p I  e  a  I  i  x  lo* I I I ,
' ■' Preparation and miorc-examinatim  o f barium tita n a te
ceramics, •.
a) Preparation o f barium titan ate  ceramic for micro-examination, '
She sintered d iscs o f barium titan ate ceramic, subjected to  
examination for crysta l s iz e  were mounted in  a th sm a l-settin g  p la stic  
(N.H.P, Mounting p la s tic ) , Subsequently, using two motions in  perpendi­
cular d irectio n s, the sample was rubbed on a graded se r ie s  ©f met a llo ­
graph!© abrasive papers ( 1/M, C/1, 0 /2 , 0 /3 ). is^ polishing lubricant
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paraffin  was used. Further, the sample was subjected to  a f in a l polish  
on c lo th  wheel, f ir s t  using fa s t cutting and f in a lly  slow cutting asteroid 
p olish  alumina.' In th is  stag© of polish ing water was used as lubricant. ■ 
A fter polishing''the sample was subjected to  etching. A variety  o f chemical 
reagents were, tr ie d , o f which the- follow ing combination o f a d d s proved 
most sa tisfa c to r y s'•
■ 50 ml* o f d is t ille d  ‘water ■'
3 ml. o f concentrated hydrochloric acid . - -
• and ■ • f  ml* o f concentrated -hydrofluoric acid* •
the polished specimen was.immersed in .th is  so lu tio n ,fo r  about 
1 to  1 .5  m inutes.. I t  Should be emphasised that as fa r  . as was known m  
published method was availab le fo r , the preparation of. the. barium titsn a te  
ceramic for  isicro-exam lnatlon, and the author spent same time finding a. 
su itab le method*
Many o f the represented samples exh ib it considerable amounts
i
o f tears aid cracks. .This is 'p o ssib ly  due . to. m  unsuitable method o f p o lls*  
hing procedure applied. A lso, .in  e ith er  ea se , i t  .would be expected that 
holes and cratfe would be enlarged by the action o f the etchant.
b ), MiorG*photography.
After polishing'and etching, the samples were photographed at 
appropriate m agnifications. The Vickers projection microscope was used in.
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th is  work, a yfellcmr interference f i l t e r  being used with are lamp.
o) Determination ©f crysta l grain s iz e .
Applying J e ffer ’s method the diameter of the average?
grain (d. ) ©f the examined samples was found from the follow ing formula:
1
d 55 . . .  . • .  ( I I I . 1 . )
Vn
where:
d -  diameter o f average grain in  m illim eters* 
n -  number o f grains per sq* m illim eter*
The number o f grains per sq*m illim eter was found on the screen
- . j.
o f a m icroscope, having su itable magnification* This procedure was repeated 
several tim es, changing the observed area o f the tested  specimen* The mean 
value of these measurements was assumed as a value o f  n* (eq*III*1 )* I t  | 
should be emphasised that for samples which compile a mixture o f grains 
o f very d ifferen ts size% i t  i s  not an easy matter to  obtain an average 
s iz e  fo r  such distribution* In th is  ca se , only one component o f th is  d is tr i-
j
bution was examined* For instance,  in  the examination o f the grain growth 
as a function o f sin terin g temperature these grains which increased with 
r ise  o f temperature were taken in to  consideration*
In a l l  the diagrams represented the diameter of average grain  
was quoted in  microns*
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, A p ,p # & &' i  X ■ . Ho I f .
A* Bxamimtioa o f ageing process in  barium, titan&t* ©eramie*
in  order to  f in d  the ageing r a ta  w ith  an accuracy 'of the 
order o f i  * 3 f^ #. the follow ing precaution  war© observed* 
i /  For measurements of the capacity  o f samples, a p rec is io n  capaoitan- ■ 
m  bridge was used, by which capacity  could fee determined w ith m  accura­
cy o f t  0.1 f§." /
i t /*  S in ce, in  general* the barium tltanato. ceramics ©re very sensitive- ■ 
to  temperature changes# ©11 measurements were mad® a t a constant tempe­
ratu re, 2t*G# I t  was observed that any deviations in  temperature (even 
two ©r three degrees) caused a da -  ageing e ffe c t  o f some specimens 
notitl bl9 as an l » » a »  o f capacitanca increasing th9 e r e o r i n  maas*- 
rmaanta o f ageing rate* Therefore, the specimens under te s t  were kept 
in  a place (tlm m ostatic-oven ), where temperature fluctuations were 
sm all { t  * 2 ).
i l l /  S ince, the investigated  ceramics -were sen sitiv e  to  hse&dity chan­
g e s , the specimens were .aged in' a desiccator*
iw / In order to  avoid extraneous e ffec ts , fro® other, sources, such as 
atmosphere im purities and l ig h t , the desiccator was exhausted by means 
o f a vacuum pump, down to  0.1 m  Hg. and placed in  a dark room*
■ The samples subjected for examination o f ageing process were
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Hg. Cross section  o f .th® desiccator containing specimens.
. ■. S •  rotarj; se lector  sw iid i!. f  -■m.pclystspmrn stopper!
& - -  desiccator! Sp .<* specimen! B| * brass plat®|
B? * pol^rstyren® plat®! g -  s i l ic a  ga l.
h e a te d  a t  160°C f o r  2 hou rs  i n  an  e l e c t r i c 'o v e n  and th e n  w ere q u ic k ly  
p la c e d  i n  th e  d e s ic c a to r  s p e c ia l ly  c o n s tru c te d  a s  shown in  F i g . I V . l .
Then th e  d e s ic c a to r  was ex h a u s te d  a s  i t  was d e s c r ib e d  above ( i v ) .
On th e  bo ttom  of th e  d e s ic c a to r  i s  p la c e d  a  la y e r  o f s i l i c a  g e l  ( g ) ,  
on w hich  r e s t s  a  b r a s s  p la t e  ( P^ ) ,  fo rm ing  th e  common e le c t r o d e  f o r  th e  
specim ens and co n n ec ted  t o  a  te rm in a l  on th e  s e le c to r  sw itc h  ( s ) ,  m ounted 
on a  p o ly s ty re n e  s to p p e r  (T) .  The second e le c t r o d e  o f specim ens c o n s i s t s
o f a  number o f sp rin g ; load ed  p la n g e rs  m ounted on a  p o ly s ty re n e  p l a t e  (P2 ) 
and  p r e s s in g  on th e  u p p er s u r fa c e  o f th e  sp ec im ens. These p la n g e rs  a re  
in d iv id u a l ly  co n n ec ted  t o  c o n ta c ts  o f th e  r o ta r y  s e l e c to r  sw itc h  ( s ) .
F o r c l a r i t y  i n  F ig . I V .1 o n ly  two sam ples and t h e i r  c o n n e c tio n  t o  th e  
s e l e c t o r  S a r e  shown. The d e s ic c a to r  (d ) was sc re e n e d  from  l i g h t  i n  
o rd e r  t o  m inim ize u n c o n tro l le d  f a c t o r s  w hich  m igh t have some e f f e c t  on th e  
e x a m in a tio n  o f th e  ag e in g  p ro c e s s .
In  o rd e r  t o  in c re a s e  th e  acc u racy  o f th e  m easurem ents th e  
c a p a c ita n c e  b r id g e  was su p p lie d  by e x te r n a l  h ig h  power o s c i l l a t o r .
The h ig h  power o s c i l l a t o r  was u sed  to  reduce  e l e c t r i c a l  s t r e s s  f l u c t u a t i o n  
i n  th e  specim en to  a minimum. The v o lta g e  a p p l ie d  to  a specim en was
m easured  by an  e l e c t r o s t a t i c  v o l tm e te r .
1
D e te rm in a tio n  of t  8 — i n  th e  fo rm u la  ( 9 .1 0 ) .
m
F or pu rpose  of th e  d e te rm in a tio n  of th e  e x p re s s io n  f o r  th e
A f  ^
f u n c t io n  —— (9 .1 0 )  f o r  a  tim e T and T * I was d e te rm in e d ;£ oc
a t c  m Amc  -  n  
“ 7 ~  “  e  • * • • • • <9- 10^
fortim a  T ♦ T w il l  be sim ilarly
. f  : : r  C  _ ^ T + r ;
- - ^ . i  . . .  A m C  £> ■ T   _____ . ,  (9 .1 0 .2 .)
°c G *s<
diviai&g ©«| (9*10*1) by (2 .10 ,2 ) give a
■ ' ; At £ . ■
v ® • • » ♦ » * *  ^9*10*3)
A t +T <5
6<»c
Ercm eq, (9 .10 .3 ) i f  follows that T i s  a time such that the function  
i s  reduced to  1 / e  o f i t s  value.
G <x*
- 2 5 8 -
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3%asuress@nts ©f 4©# © m duciivity  ©f the  barium i i ta n a te
ceram ics.
H g . shows the c i r c u i t  which was m®d fo r  measurements 
©f the  4c, eoM uctiv iiy .
.Sh#'foU oniog procedure fo r  them measurements was used* 
A fter ■ .setting  up the requ ired  h*b* voltage IT, (F ig .T *t) a su itab le  ■ 
value ©f r e s i s to r  Bs  was se lec ted  by opening s i/ itd i  Sfg ©22a  increasing  
Bs# the  p o te n tia l  feeing immediately ad justed  to  re tu rn  the- e le c tro *  ;
t e r  needle, to  sero* . ThiB process was repeated  u n t i l  a  convenient , : 
reading  o f, the electros® t e r  ^g.was obtained# She e le e tro a e ta r  ns#dl# i s  
then m aintained a t ' .aero by adjustment o f By u n t i l  , the requ ired  period 
o f e le c t r i f ic a t io n  has elapsed*■ In  this- case th is  tint# was 20 minutes* 
She reading  o f ?g i s  then noted! since th is  reading i s  equal to  the- 
voltage drop across the knmm r e s is to r  B0#- the do*conductivity o f a  
sample m s  calcu lated  |
1 \
! # '  • ■ 11111W1K. imummmt
‘ Es I t  ; , '
f # check whether there has been m y  serious leakage during 
the  t e s t  procedure, which was described by Neman was applied .
Since the voltage ^  on the t e s t  specimen was in  excess o f  60 % t p ie 
p ro tec tiv e  re s is tan c es  in  the plat® leads were increased up to  € maga*
« s 2 3 9 eB
EL5.
SW,
 I
—i
•^g* IT. 1# ; Kt^ TRIGAL GXROUIT w»& tw'ffiA3HBEMEfflE& 
of th© a© ' camcTmTY.
Xmtrm^nt&s
By  ^ Bg and — s lsc ir*  bakeries 3 * specimen under t e s t
E^#*♦•**.Eg W re s is to rs  Sf^# * switch
* ^2" p rec ision  voltm eters Sf2 » •* switch' '
KLS m Lindeia&nh e loo troae ter. - So * sere an
Bs - s ta n d a r d  r e s is to r  o ’ -  sssasaring cell*
ohms* The leads connected to  the needle term inal were s h o r t ,  r ig id ,  o f - 
low capacitance ( 3/^dP } and guarded against leakage, and capacitance . 
cu rran ts  ( frcm the H,T, supply , the t e s t  bench, or opera to r), Furthermore, 
the leads m m  w ell screened and insulated by polythene tubes* The connec­
t io n  o f leads to  the needle term inal was fixed  by l ig h t  "crocodile" c l ip s  
to  avoid s tra in in g  or loosening the in sh la tio n  feuseti# Che p c i# , e a r th in g < 
svdtchj STg, was naa® on polyatyrena sheet. The r e s ie te ra  Eg -  ^  ana 
elsetroeister. were aounted in  on a i r t ig h t  m etal bcss* Inside the sh ielded  
hm  was placed, calcium chloride to  reduce a i r  and surface leakage due to  
the presence of moisture* The Electrom eter was p i t  on a  th ick  ( % in* ) 
polystyrene- sheet on a  telescope stand* fo r  Illum ination  o f the. e le c tro ­
meter needle an e le c tr ic  las^> ( 4  v o lts  ) loca ted  under ■ the base o f the 
telescope stand was used, The potentiom eter B0 was used as the balance 
potentiom eter fo r  adjusting the needle to  i t s  p o sitio n  in  the cen tre  ©f 
the s c a le ,  i . e . ,  to  cerncide the msdhanical and e le c t r ic a l  zeros. She ssm- - 
p ie s  m m  placed in  the measuring c e l l  ©f the three * t@2td.nal system as 
shown in  Fig* Y,1, The e lectrode area  taken fo r  the purpose o f ca lcu la tin g  
the conductiv ity  was th a t of the low tension  electrode^The e lectrode sys­
tem has- been designed' fo r  measurements a t  temperature between + 20*0 and 
4* 200*0, The electrode -  system was mounted in  a  b rass co n ta in e r, m aintai­
ned a t  the  required  temperature in  an e le c tr ic a l, oven* The requ ired  tempe­
ra tu re  was kept constant w ith accuracy 4* 0. 2*0* The high -  grade fused , - 
s i l i c a  was used as m  in su la tin g  m a te r ia l, ensuring n eg lig ib le  leakage a t
higher temperatures* The temperature was measured by means .of. the copper- 
; eonstan tah ' thermocouple^ whids, 'was loca ted  'c lo se ' t o  ^ the ''sample' under tes t*  " | !j
" A p p e n d  i t  : Ho*TC jl
Measurements o f the  d ie le o tg ia  constant and the . '
■;■/ lo ss  ■ t a l e n t  a t  f ie ld  Stress* ■; |
1 :v ' ' The measurements o f the d ielectric constant and the lo s s  tangent \ \ 
o f  ferroelectric m ateria ls  a t  h i #  e le c t r ic a l  s tre s s  are experimentally ■ 
d i f f i c u l t  owing to  the r i s e  o f temperature* Since: the p e rm ittiv ity  o f the 
m ateria l' i s  very high# a  g rea t deal o f energy .can he. concen tra ted ;in  m  :||
extrem ely sm all volume* Even fo r  sm all lo s s  tangent * the power d is s ip a tio n  jj
i s  o f tha order of 5 Watt/sg.cra. of E fface, the exact value depending, 
o f course * on the energy supply* the frequency# lo ss  tangent * temperature ' 
etc* Since the d ie le c tr ic  constant end the lo ss  tangent, o f those m ate ria ls  j
a re  very  sensitive  to  temperature va ria tion#  therefore* the in v es tig a tio n  j:
o f the re la tio n s*  and tw c F -  f ( £ )  # must fee conducted at s tab le  ijj
• temperature*
Tal&ng these  d i f f ic u l t i e s  in to  consideration^: the specimens were 
immersed i n  c irc u la tin g  s ilic o n e -liq u id  feath* .which was ra p id ly  c irc u la te d  ■ 
fey a  lab o ra to ry  s t i r r e r  and held a  constant temperature + 0#5*C* Water 
was pumped through cooling c o ils  isamsrsed in...the l iq u id  and a  heating  e le ­
ment in  the l iq u id  supplied add itional heat* The temperature was con tro lled
—2 6 2 —
by a  therm ostat switch mid relay* F u rth e r, fo r  damping the v a ria tio n  o f  
■heat the -specimens were .mounted i s  sp e c ia lly  contracted  holders in  which 
they  were, clamped; t ig h t ly  between a  heavy copper block and a  spring  ©lip* ■
. The blocks acted  as. a. .heat sink* The temperature r i s e  of the specimen during 
the measurements was le s s  than, a  fra c tio n  o f a .degree centigrade* This was 
v e r if ie d  by means of two thsm ocouples t one I n  in tim ate con tact w ith  an 
e lectrode  o f .the .specimen, .the other, seme distance ap art. The d ifference  i n  
reading was o f the order o f a f ra c tio n  a  d e g re e .,Of .course, i t  could no t be 
v e r if ie d  .in  th is  experiment th a t  the ac tu a l temperature a t  every po in t and 
, i n  the. in te r io r  o f the sample was, a t  the same . temperature ,  , a s - m e a s u r e d  
by therm ocouple,, The e le c t r ic a l  s t r e s s  were . applied  to  a  sample only long 
enough,to make reading*
. . .The. measurements o f the d ie le c t r ic  c o n s tan t and . the lo ss  tangent 
a t  frequency up i p . .10 /*o/&.were conducted by the .modified Sobering b ridge , 
since , i t  g ives neg lig ib le  _ e r r o r , a t  that, .range o f fre  quency. and' because the 
. r e s i s t iv e . co n tro l ©an. be. c a lib ra te d , d i r e c t ly  in  the ..loss .tangent* The sh ie l­
ding, o f the b r id g e ,...f i lte r , ': transform er and grounding were'made in  a  s im ila r
way to  th a t  desoribed by vcm lEppel f2^*,,.The measurements a t  h igher frequ-
(215)eney (100 k c /s  and 1 Mo/ m) were made by a  resonance method. .
A P P S  HD I X S o  VI I .
TABLES i; ESEEBIieJTAL RESULTS,
*2 64**
X a  b 1 a  Ho.2 .1 . B a  t  a t ( 2 - 1 1 ) /  1953.
'9
Influence of C alcination.
a ) .  Diameter Shrinkage,
Mouia.'■
■ diam eter
> !
/ Diameter
■ o f 3 ; 
sin te red  
, spacimea .
a 2
Shrlnksga ,
.!
Calcining ■
, Temperature
cm cm *  I oo
1.5 1.243 J 1050
1,5 1.274 15* 03 j 1100 S in tering .
temp.
1.5 1.283 14.49 1150
1.5 1.280 / 14.25 J 1200 1370*0*2 hr®.
1.5 1.284 , 14.35 - , J 1225
1.5 1.280 , .14.25.. , - 1250
1*5 1.282 14.45 .. 1275
1.5 . 1.283 14*49 1300 :
Diameter shrinkage (fi) a a.
. . .V  * r
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T a b l e  Wo.2. 2. D a t  e : (14 « 18}>^ 1933.
■ Influence o f C alcination.
b). Specific gravity*
*1 ■ w ' r‘ : ■ ' . * 2 ■
Specific  ■4; 
g rav ity  .
■ ■ Calcining 
-Temperature
: “C  , ■ 0
430.0 ! 89.2. ' ' 5 .43 ‘ 1050
512.1 : 94.2 \ 5.44 * 11C0
465.4 83.8 5.52 *' 1150
448.0 ; 87.5 3 5.55 1200
471.5 82.4 5.57 * 1225
436.6 75.3 5.51 2250
454.2 77.0 5.59 1275
448.4 75.4 5.59 1300
W -  - weight of the s in te red  s ta p le ,
1 '
¥2 -  i t s  lo ss  in  weight when submerged in  water
w ’S pecific  g rav ity  « 1
•"266—
l a b i a  Ho. 2. 3.  S a t  a : ik /9 1953
Influence of ca lc in a tio n .
D ie le c tr ic  constant and le s s  tangent. 1
Calcining ■ 
tem perature
Capacity r i s l e c t r i c
Constant
lo s s  tangent
F
io m 2259 1080 0.033* 0.63^7
1100 2986 ■ 1491 * 0.025* 0.024
1150 ■ 3027 ; 1500 0.021 % 0.©22 a t  22*0
1200 3186 * 1508 0.0203
1225 3780 • 1672 ! 0.026
1250 • 3420 1600 0.020
1275 - y# B  • 1623 0.0197
1300 3210 ' 1435 0.0195
1050 14148 6762 0. 012*0.011
1100 14380 ; 7184 ;  o .o i i  0.011 ;
1150 16036 7295 0.01 a t  Curie
Poin ts
1200 * 1519O 7186 ; 0.009
1225 • 16197 7161 ; 0.0095
1250 15320 • 7174 0.0095
1275 • 15200 * 7196 0.009
1300 ' 16040 * 7169
Ereg, 1 kC/S. E * 4 .5  Vom.
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T a  b  1 «  ilo .2 .4 . Data (16 -  29)/9  1953.
E ffa c t o f Tine on P illin g  on B ie le c trlo  Constant
1 taugemt* 1 .
m ix in g
■. tiw*
Ifte leeir io  :O m stairt’ Loss tangent
, . . .  a t .22*0 a t C arle Point a t  22*C a t S aris  Point
... fcrs-
0 .5 3580 5420 0.049 0.039
1 .0 ■ 5300. 5410 0,046 0.038
2 .0 4178 5780 0.045 0.033
3 .0 4505 5810 ' 0.044 0.039
4 .0 4793 5910 0.0445 0.039
(£.® 5°08 5960 0.0430 0.038
8 .0 4790 ."■:"6215 . . 0.045 0.0375
10 4810 6780 0.046 0.033
15 4400 7016 0.049 0.0385
20 4006 7560 0.054 0.0415
Kr@g* 1 K c/s, 3* V®a. r .m .s .
■268"
T a b l e  Ha. 2.5. Batei (16  -  29-)/9 1953.
Effect of Tine Milling ca specific gravity.
M illing 
' time
' Speeifl® gravity
hrs.
0.5 5.51
1 .0 5.53
2 .0 5.61
3.0 5.67
4*0 5.71
M 5.72
8 .0 5.71
10. 5.72
15. 5.72
20 , 5.70
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f  a  b 1 ® Ho,2 .6  D a  t  « t  2 3 /9/l9 5 3  -  1V 10/  1953.
E ffec t o f forming pressor© m  sp e c ific  g rav ity  of barium t i ta n a te  d isc s .
' a ) Specimens, of the. second' g rp ^ .: ( f in © ;p a r t ic le s ) .- 'a; ,a. v;,.
Fanning
• Pressure
Specimens of the f i r s t '  group 1 S .-eoirasns of the second groga
g rav ity  - - . % . :
Specific
g rav ity
Kg/m? . mg ■ mg
0.050 458.4 82.2 5.52.. 432.5 81.4 5.31
0.075 450.1 81.5 5.53 464.1 86.3 5.37
0.100 462.3 82.9 5.55 425.5; 78.3 5.43
0.125 467.5 83.8 5.57 502.5 92.4 5.44
0.150 464.4 82.9 5.59 456.4 83.5 5.46
0.175 470.5 83.3 5.59 481.8 88.1 5.47
0.200 476.2 85.1 5.60 475.2 86.9 5.47
0.250 468.6 83.6 5.60 488.5 89.O 5.49
0.500 4-75.4 84.7 5.62 506.1 91.6 5.52
0.750 482.1 85.6 5.63 469.4 84.8 5.53
1.00 430.3 76*5 5.63 484.7 87.6 5.54
1.5 491.5 87.2 5.62 495.2 89.6 5.54
2 .0 485.4 86.4 5.63 511.3 92.3. 5.54
2 .5 430.8 84.9 5.63 503.5 90.5 5.54
5 .0 479.5 84.7 5.64 476.0 85.9 * 5.54
10.0 483.6 85.8 5.63 483.5 87.2 5.54
Ifcj -  weight o f the s in te red  s tap le  $
W2 » i t s  lo ss  in  weight when submerged in  water 
S pec ific  g rav ity  a W-j
wi*
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T a b l * .  8 0 .2 .7 /  E a t  « i 83/91353*14/101953.
p»smi3?«• m  o f % art» tita n a t*  iise s*  8
FemiQg. :
l^asa-ors
©f
*8. .  .
kh©„
V  f2  .1OT:: , ^2 '
af ttm mcs<$a& groag
100 ;
« t -
**“ m fa m  . |s
0.05 ■ 1.5■' > ■ 1.160, 21.5
17.91
0.075 7 1 .5 V 1.200 20.00 .. 1 .233 ;/' 17.65
0 . io p7 / .1 .5 1.152-. • 20,50... 1. 2 3 5 - 17.50
0.12.5/ 1 .5 ' ■ 1.200 19.51 , 1.235 17.50
■ 0.150, 1.5 1.211 19,02 1.240 . . . 17.24
0.175 '. 1 .5 /■ 1.221, 18,50 1.255 16.00
0*200 '; 1 .5 - 1.210 18,68 . 1.250 16.71
0.250 1.5 1.233 1 17,6b ■ 1.255^ 16.30
-0.500 1.5 1.250t? 16.70 1.255 16.30, ■
0.75O 1.5 1.258 15.15 1.255 ; 16.30
1.00 1.5 1.268 16,00 1.251 * ' I6 i50
1.50 . 1 .5 "'■'1.275 V 15.60 1.251 16.30
2.00  ■". ■ 1.5 1.271 15.30 . 1.252 16.40
■ 2.50 ■1.5. ; 1.268 .15,50 , - 1.255 15.30
5.00 . 1.5 1.271, 15,30 .■ • 1.255; . , : 16.30, , ;
1 0 .0 0 7 1.5
’ ji : 1.270
15.40 1*252' 16.40
Temporatura • 19*0 .  fitaw ter efarinkaga &) m fl1 -  % 10Q
EfcgPSi ■■■::■, .  *4
#<! * mc&&M M t t t s ?
%  <*" d is a s te r  ‘ o f ©i»t©r@a specifflflii.
•E a b 1 o Kb.2.8. Data* 9/l0/l953 -  13/10/1953
E ffe c t .of forming pressure ©a d ie le c tr ic  constant and 
lo s s  tangent o f tsarina t i ta n a ts  discs*
Specimens ©f the f i r s t  group Specimens o f the second group
Forming
pressure
D ie le c tr ic
Constant
to  BB 
tangent
D ie le c tr ic
Constant
Loss
tangent
Kg/a?
0.050 1496 0.034 1554. 0.0325
0.075 1545 0.029 1582 0.0310
0*100 1630 0.023 1591 0.0310
0*125 1652 0.024. 1615 0.0290
0.150 1 $63 0.025 1636 0.0280
0.175 1695 0.023 1620 0.0280
0*200 1675 0.023 1640 0.0280
0.250 1718 0.022 1630 0.0290
0.500 1732 0.0215 1 a s 0.0270
0.750 1721 0.022 1640 0.0280
1.00 1720 0.021 i m 0.0276
1.50 1756 0.021 1643 0.0260
2.00 w 0.022 1640 O.O270
2 .5 1725 0.225 1657 0.0275
5 .0 1758 0.021 1642 0.0275
10.0 1740 0.022 1595 0.0270
Freg. 1 KD/S 
temp. 15 0
0itm v/cai.
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l & b l  o Ko. 2 .9 . D a t e !  3 /n  1953 -  6 / ^  1953.
forming tem perature,
a ) . Dependency of sp e c if ic ' p a r i t y  .on forming tem perature.
forming ; - Specific  g rav ity  3 .
Temperature ; ¥1 *2 ^l/srg
G mg a®
© 493.5 87.3 5.6!*-
-
21 502,4 89.0 5.65
40 436,2 86.5 5.63 ■
< 60 488.0 85.1 5 .& !
80 475.3 « 8 V9i* 5.60
100 462.5 83.0 5.57
W1 * weight of the s in te red  sample,
W« * i t s  lo ss  in  weight when submerged in  water
*5 \
w *  ■S pecific  g rav ity  « JL 
: W2
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T a b l e  8*2.10 B a t  e i 9/^/1953 <* 1 l/1t/l953.
fcvedmg Temperature. n
Be^ndency e f d ielectric constant mid loss tangent on forming temperature.
fo rm in g Capacity D ielectric Constant Loss tangent.
Temperature 0
*C /^/tj P.
0 .37 M 1515 0.023
21 4112 1534 0.022
m 4514 1508 0,021
CQ 4745 1543 0.024
■ ao 4092 1494 0.036
100 ■ 4398 1461 0*077
Frog, 1 HQ/g
B « 4 ,0  V<®* 
fem f. 19*0,
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f  t  U  # - I3at© Uj:.  , 1153
, X nfluancecf s in te r in g  temperature on physical p ro p erties  ; 
o f  barium titan&t© earam ie*'"
a) Shrinkage*
Sintering ■ Specimens c f  the 1st .group Specim ens o f  th a  2nd group
temperature - \Shrinkage ' ; ' ehrinkaga
, • Q ;■ . •
• . . . . . . . . ^  ■
1260 ^ ■V m s 9.20
1280 9.00 10*00
1300 10.20 11.15
1320 11.45 15.05
1340 13.00 14.73
1360 14.65 15.50
1380 15.38 15.75
1400 15. W 15.30
1420 r ;  1 15.55 ■./ 16.05
Xh® Specimens of the f ir s t  group sr© prepared freta fin© j
f particles*
Xhe specimens o f the second group are prepared from coarse*/
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? & >  1 t  1©# Bat* 12. fa -  2 6 J lf , IH .3
. Influence of ■ sint@3d.ag temperature ©a physical 
p roperties of barium titanat* ceramic.
h ) S pec ific  greyity^ -" '
S in te ring ■ Sp©oiuf3ens’ ©f; :th© 1 s t  group Specimens ef tbs 2nd group
Sfemperature Specific  : g r a v i ty ■ ' Specific gravity
; :1260 V 5*35 '
1280 5‘ ^
. '1300V ■ 5*54 5 . W
1520 5.51
1340 5.72 5.58 ;
'isfa] . . . . . . 5.73 ■ . 5.62 . ' :
1380 5.75 _ , 5.66
w 5.72 5.67
1420
/
■■ J
: . ■ ■ S*72 V
l ; ■ ! ' ; ; ’ ' ; ■ ■ ■ ■ . ■ : ■  : ' " ■
5.68
Specimens * f the 1 s t group are prepared from f in e  )
V p a r t ic le s .
‘ specimens1 o f the 2nd group' are prepared ■ from coarse )
-2 7 6 -
t  a  b I  0 Kq.2.13 Bata* 2«/( -  l6/( i V H 5 S .
■ In fluem a o f s i ir te r in g ; temperature ©a d ie le c t r ic  .
' ' - 'om&ta&i and lo ss ' ' taiigeai*
a) Specimens ©f the f ir s t  groups (fins particles).
S in te rin g - 
tea^sratara ■ 
: T o;
A tC u rie  P e in t At 21*0
D ie le c tric  Constant D ie le c tric  constan t Dess tangeai
1260 - 2840 . - 3083. 0.0285
1280 1210 0.0235
1300 1850 0,016
<320 8 7 2 0 . . ...:: 2206.;. | 0.014
1340 0.015
1360 10315. . . .  .. . ...,2750. 0.0156
1380 10780 0.027
1400 . 1 1 1 0 2 .... . . 1904 0,032
1420 <°M6 ...........1492 . . . . . . . . 0,038
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f  a  li |  @ Dat#« -  / ^ 2 , 1153.
tt^Xm m o  o f s in te rin g , temperature on dieX eetrle  : /  
- . c&intans ani %m& tangent*
b) Speoiissna o f the m m m i. group ( c m r m  p a r t io le s ) .
S in te rin g  ;: 
temperature ■':•■■
' ■ At' Curia Po in t \ At 21*0 '
35i«.lactHc Constant Cemslcm'fc. Loss tangent
' ' 1260 2080 662 0.034
1280 2950 . w 0.027
.1300 3460 :■ 1174 0.022
,1320 - 4610 1512 0.018
■ ijkQ ; 5607 ; 1680 0.012
; . 1 3 0 . . ' . . .7312 1?56 0.0095
;.130O". ' 8854 2215 0.008
J W 0 9626 2309 " 0.010
1420 9961 2165 0.014
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S a k U  Ho 2.19 u /l2, ~ 3 0 lix ’ ' 1” '
B©slnt©ring ' process. . " ;
. Ssiaper&ttire 
*0
Ceramic o f group I Csrsmio o f group XV
B ialectri©
constant
■toss tangent D ie le c tr ic
constant
Loss tangsn t
20 . 2415 0.0120 2080 0.0135
30 2204 0.011 2000 0.0126
4D 2076 0.0105 1847 0.011
50 1983 0.010 1760 0,0095
60 1900 0.009 1610 0.0075
70 2010 0.009 1600 0.0065
. 80 .2085 0.0095 1625 0.0065
; ■ 90 2237 0.012 1780 0.008
100 242S 0.0195 2114 0.012
110 3481 0.027 3465 0.019
115 5384 0.0175 . 7804- 0.022
121.5 7810 0.008 10620 0.019
125 6418 0.007 8783 0.0055
130 5 m 0.0105 6423 0,075
135 4853 0.015 6110 0.010
140 4180 0.018 5246 0.013
Xfceg. 1 Ko/Sj E » 50 v/c®. 
5C a 19*0.
B J BL X OS  a  A P H I  .
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D I  S & S 0 T E t  0 A M V % X P X I  E S,
■ This p a r t  o f the th e s is  deals w ith the  th e o re tic a l and 
experim ental c ir c u i ts  o f  d ie le c tr ic  am plifie rs .
contains an h is to r ic a l  survey and gives the 
b as ic  p r in c ip le s  o f d ie le c t r ic  am p lifie rs . I t  a lso  considers 
seme fundamental p ro p e rtie s  o f  the  nonlinear condenser as a 
v a ria b le  reac tiv e  elem ent, in  p a r t ic u la r  the  nonlinear condenser 
in  resonant c i r c u i t  and amplitude modulation by a  nonlinear 
condenser,
l a  Chanter. 11 an an a ly sis  of a  d ie le c t r ic  am plifie r 
w ith  sm all do s ig n a ls  i s  made, confirming the' experimental 
r e s u l t s , . A naly tical considera tion  i s  given to  &e d ie le c t r ic  
c i r c u i t s  i n  order to  p re d ic t seme of th e i r  p ro p e r tie s , among 
which i s  the  b est condition  fo r  power gain . The requirem ents 
o f *0 supply fo r  d ie le c t r ic  am p lifie rs  are a lso  discussed.
Chapter, I I I  describes a  number o f ' t h e  experim ental , 
d ie le c t r ic  am plifie rs  which were -constructed; in  order to  make 
a comparison between the derived analy sis  and experim ental 
r e s u l ts ,  The in s ta b i l i ty  o f a  d ie le c t r ic  .am plifier I s  d is ­
cussed , and f in a l ly  general conoXusioneaero drawn concerning ■ 
d ie le c t r ic  am plifie rs  a t  the  p resen t time* ■
I  n d © x  .
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capacitance of a  f e r ro e le c tr ic  capacito r.
\ A V.
m 31 ■S#'
1*1#' In tro
I t  mmm th a t th e  d ie le c tr ic  am p lifie r s t i l l  promises to  to  an 
im portant fa c to r  l a  th e  e le c tro n ic  industry  of the  fu ture#  A d ie lec tric  
am plifie r o ffe rs  a  so lu tio n  to  th e  problem o f obtaining high power 
am plif ie& tien of s igna ls  from, a  scarce w ith  a  high in te rn a l resistance*  
fbe d ie le c tr ic  am p lifie r  m $  he- defined m  .it device which uses 
nonlinear capacito rs in  combination w ith  o ther c i r c u i t  elements i n  o rder 
to  o b ta in  tep lifio a tio s i. o r  c o n tro l. l a  general# d ie le c tr ic  am p lifie r
c ir c u i ts  a re  Meed on the- nonlinear c h a rac te r1 s tieg  of fe r ro e le c tr ic  ■ 
m ate ria ls  used in  eap&cita isrve-reae iive  elem ents* ' ' Tm object' o f t h i s  ' 
p a r t  of th e  work is  to--- deriv# fundamental ■ p r in e lp le s ' '$M: the' co nstruc tion  
Of d ie le c tr ic  am plifiers*  ■ In  t h i s  work a eompamtively simple# basic  
p ic tu re  o f d ie le c tr ic  am p lifie r  c i r c u i ts  was given ra th e r  than. a. des­
c r ip tio n  of a  m ultitude o f sp e c ific  aimngemsnhs*
fhe d ie lec tric  am plifier c irc u it m f he observed* Judged and 
classified  from d ifferen t standpoints* a s 'i s  wrerytMng in  th is  world*
For instance* am plifiers can "he divided into voltage and power 
amplifiers according to  whether the. object i s  to  produce as much voltage 
or as much power as possible -in the load impedance* Amplifiers can b© 
classified  In m ps descriptive o f"their character*, properties*'etc* ■ 
la  th is  work d ie lec tric  am plifier c irc u its  were c lassified  Into the 
following types*
a) nonresonant d ie lec tric  am plifier c irc u it
. end b) resom nt c ircu it*
TuIb c la s s if ic a t io n  was based on the th e o re tic a l p rin c ip le  and techn ica l 
construction . Namely* non-re sonant and reso n an t. types of .d ie le c tr ic  ampli­
f i e r  d i f f e r  i n  .principle o f operation,.and in  c i r c u i t  arrangement# although 
both .types may;,belong to  the modulated c la s s ; o f a iap lifierr,.:;v
. In  the second c i r c u i t  the c a r r i e r  loop# containing the nonlinear
condenser i s  In  resonance e t  the c a r r ie r  frequency .whereas in  the , f i r s t  
c irc u it , i t  i s  n o t .X t  seems th a t  d ie le c tr ic ,  .am plifiers, show promise .for'. , 
ap p lica tio n  both-as &c.. and do., ^ p l i f i e r s .  fcr; ^ g u la to rs* . relaps#  lim i­
te r s  * sweep, generators #. servos* f i l t e r s  *,.current s ta b i l i s e r s  e tc . , ■,t
. . I t ; would b©, impossible i n  .a. survey lik e  th is  to  describe a l l  
the applications*^ She number o f app lica tions,.w il l  su re ly  increase  in  the 
fu tu re  as f e r ro e le c tr ic  m ateria ls  are  improved*.
' |« f  * •Historical Surrey.
fm histcry of dieleobrie sp^itfiersi is  About 10 yeaff eld*
,' Already* the  discovery o f  .the. f i r s t  f e r r o e le c tr ic ,  Roe'feslX Salt* t y .
■ Talasek In  p t l *  suggested £ ts  used. In  a  d ie le c tr ic  a m p lifie r* . _ But 
sevem i drawbacks prevent the-ms# of t h i s  m te r la l .  As A n o n lin ear 
reac tiv e  c i r c u i t  element. X» 1041 m #  published th e  pa ten t  ^ which 
gave am armmgeiaeat w ith  condensers f o r  contro lling . o r tuning m  c irc u its*  
This d isc lo su re , however* xa&kes m  claim s regarding, iunplifying p roperties*
Xm the decade 1030-1046 i t  m s  discovered th a t  barium t i t a m t e  has a
■ p e rm ittiv ity  g re a te r  than  1300 and © d ib i ts  f e r ro e le c tr ic  e f fe c ts  * ,
From th a t  tim e began in tense M e r e s t  in  th e o re tic a l  phenomena o f ferro­
e le c tr ic  sm te ria ls  and th e i r  a p p lica tio n  in  e le c t r i c a l  devices*
a p p lica tio n  o f f e r ro e le c tr ic  condensers* fu rth er*  Roberta {1947}• V ■, ,  ■,:: WJ,. ;,
and Denote,* Morntt and Crownover have g iven  sev era l possib le
' ap p lica tio n s o f  fe rro a lee tricaX  oondtnsers* one o f which i s  a  d ie le c tr ic  
a m p lifie r , t u t  do, mot s ta te  whether, such, mi a m p lifie r  was constructed .
the  f i r s t  paper on a  ileX eebrie  am p lifie r  m $  published in  1151 
by Viscerib * (which gave, general p ro p e rtie s  o f a  d ie le c tr ic  am p lifie r!
■and a. few c ir c u i ts  w ith  nonlinear f e r ro e ic o ir ie a l  eojidensere proposed by
■; H eberts.  iI t e th e r  * pipes {1950} • ■ has. developed a  m th e m ilc a l  asm lysis of 
a  basic  "'series c i r c u i t  containing a  nonlinear c ap a c ito r m  re a c tiv e  element* 
th i s  an a ly sis  p e w its  a  good approscim tlon to  the  c i r c u i t  response when the
ca rrie r wlbag# across Mm nonlinear condenser n a i m  mm.ll*.
■ -v; . :,: V, :• ?s . ■;.. (8) . ■:;: 1 .
Subsequently* Vrkm zltz (1962) has giimm Mm c a lc u la tio n  of resQmnt
type ©f feiro© l0e tr io  ampllfi©r« And fin a lly *  m m  serious papers about
ill#; t hm rtf of a  d ie lec tric  assplif i s r  by fe m m fi  UorMk aM  Sack wer#
published im.XStS* / She authors considered nonrosos&aib and resonant
c ir c u i ts  o f a  d ie le c tr ic  iuaplifi® r# .and ga^# some te s te d  re s u l ts  of the  so
armngements. A im  m m  m tlia im tiea l an a ly sis  of d ie ie e tr io  am p lifie r
, x(10) :: O X )'
c ir c u i ts  m s  g im n  %: I^ so a  and M ek(X9S3) * and C taf (1954) *
Son# p ra c tic a l  da ta  of the  construction  of nonlinear condensers and
d ie le c tr ic  am p lifie r c irc u it#  m s  published by S ta r  and denkXasClSSS)
{33)
a M b y  SiX?#r#t*ta (1 9 5 4 ) «
• Am has h m n 'm m  from  th e  sho rt i& s te rio a l m r lm *  Mm 
di©Xeetrie am p lifie r  i s  a  r@X&tiT©Xy b®w dsrrio# from th e  standpoint of 
a p p lic a t io n s . . ; I t  m ® m  th a t  th i s  dcrio# i s  a t  about th e  same stag# of 
development as th#  m gnetlo  am p lifie r  m i  J i s t  p r io r  to  World t a r  IX.
■. 1.3* th e  fundamental p rin c ip le  o f a  d ie le c t r ie  am plifie r.
■ ; ■ Aoording to  th© ' p rev ious' section ' on th is  th e s is  (1 • 1 • } the theo ry  •
jr-o f a  ■dieleotri© am plifie r has been .d iv id e d in to  ■
s ;* )- :im ;V  IWSCWailt1' - >
■ / BS&" '■
5'-.A b ) resom nt.. :. /, V.'
' : type o f c i r c u i t  and A t w i l l  be.'cm siderad ia , tM s ' manmr. v
a )  Hon - r e s o n a n t  type o f <3ieXectri© am p lifie r.
; X le le a tr ia  a ia p lif ie r  operation depends on -the c o n tro l, by low- 
power so iree  |  o f  the impedance o f  a  nonlinear cap ac ito r. The changes' in  .
: ; the impedance are; i n t u r a u s e d  to  produce changes i n . the cu rren t flowing in
'a n  ae, power c i r c u i t* ’
. A basi© diagram o f  a  non * resonant am p lifie r can b© presented by
f t g » i » & v  : • -  /
c LoadDEMODULATOR
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' 1 • 3* 1 • S im plified  c i r c u i t  o f 'a  non-resonant d ie le c t r ic  amplifier*.
.6 -
where i.
%  -  i s  the nonlinear condenser. .
0 ' - '  blocking condenser.
' Jij •' >  blodkiBg inducts*
vs -  instantaneous value o f s ig n a l vo ltage.
" V0 ; -  &©. b ias in g  vo ltage. '
v t  and W Instantaneous Value o f c a r r ie r  v o lta g e : and 'cu rren t r e s p e e t i-  
ve ly . . ,
i 0 -  instantaneous value of co n tro l c u rren t.
and i^ , -  instantaneous value o f load  voltage and cu rren t R espective ly .
■ fg  and f t  -  s ig n a l and c a r r ie r  f re  qusncy ,re  sp ee tiv e ly ,where f s ^  f$ .
The elem entary d ie le c t r ic  am p lifie r presented (Fig* 1.3*1* )consists o f . 
‘. a  non linear condenser, CB,ln  s e r ie s  w ith  a  source o f  sinuso ida l c a r r ie r ' 
vo ltage ,v t .  The inpu t s ig n a l i s  app lied  in  s e r ie s  with' a  dc.voltage sour­
ce Y0 ,o t  an appropria te  value to  obtain,. the  maximum capacitance (ex ch an ­
ge p e r v o l t . I n  order to  provide is o la t io n  between,the, c a r r ie r  source and 
co n tro l c i r c u i t  to  prevent unwanted in te ra c t io n ,ad d itio n a l components are 
' added to  the; am p lifie r c i r c u i t .  The do source is 'p re v en ted  f ra a  being 
sh o r t-c irc u ite d  by  the  . car^L er. source by capac ito r Of*. The blocking indu- 
, ct&nq*. . prevents passage, o f supply frequency cu rren t ( t$ )  th rou# i the 
co n tro l c i r c u i t .  How, i f  th© ao. signa l*
i s  applied  to  the inpu t c i r c u i t ,  than  the impedance, Zg, o f the  nonlinear
the amplitude of the c u rre n t, 1^, in  the c a r r ie r  loop w i l l  be modulated
V a  m v B  sinu?4t
c a p a c ito r , C^# w i l l  changed according to  the s ig n a l voltage vg.  T herefore,
?by varying the impedance o f  th e  nonlinear condenser, % . She v a r ia t io n  
o f til® impedance, % ,  ,1s.. provided by changing the  p e n a i t t iv i ty  m d  lo ss  
tangent o f the d ieleo iri© ; o f  the nonlinear1 condenser, due to  v a r ia tio n  
o f .the. am plitude. o f .the d ire c t  p o te n t ia l , . v©. A s ig n a l,. 1 m  in  frequency • 
compared to  .the c a r r i e r ,  may he. assw&d m  equ ivalen t to  a  varying b ia s  
voltage * ; V  How.. the modulated c a r r ie r  ..amplitude i s  demodulated' i n  the 
output stage o f  the' am p lifie r and with an id e a l  demodulator the voltage 
m  the output term inals w i l l  be changed w ith the  s ig n a l frequency, f©. 
Ih@ra.fore, a  1 m  -  power change in  the in p u t c i r c u i t  can cause a  change- 
■ in  the c a r r ie r  lo o p , which may be a t  h igher power le v e l. The am plifying 
p ro p erties  o f  a  d ie le c t r ic  a m p lif ie r , of course,are.dependent on the sensi­
t i v i t y  o f tb s  nonlinear d ie le c t r ic  to  e le c t r ic a l  f i e ld  s tren g th s . In  f i g .  
1 .3 .2 . ©re shewn the sketches o f  s im p lified  c h a ra c te r is t ic s  o f nonlinear 
; condenser which can give som  esrplanation o f the operation  ©f a  d ie le c ­
t r i c  am p lifie r.
ii
e
a ) Dependency ©f the increm ental
d ie le c t r ic  constant on do. 
voltage a t  constant value of 
ae  vo ltage . .
b'tt
+V
b, operating point.
b) ”Gharge«-voltagett c h a ra c te r is t ic  
(without b ia s )  a t  a  tem perature 
abenr© tb s Curie point* ,
o) Impedance « voltage (s im p lified ) 
ch a rac te ris tic*
V.- b»qs
1 d) C a rr ie r ' eurreat-ecmtroX voltage 
(s im p lified ) characteristic, f o r
n m -reso m n t d ie l& etrio  am plifier*
Hg* 1*3*2* S im plified  c h a ra c te r is t ic s  of* nonlinear condenser m  app lied  
to^am plifier*
 ^ . :' As the in p a t voltage t o  the d ie le c t r ic  .am plifier increases .the, ■
impedance i s  increased . (Hg*1*3*2o)* Shis accounts f o r  the f a c t  th a t  in  a  
d ie le c t r ic " .a m p lifie r , the c a r r ie r  _ o u tp u t; voltage w ill, be 180° out o f  .phase;, 
w ith . the; input*. ;JBith'.',s»ro. b i a s : the,, o p e r a t e  dieX&o-
t r i e  am p lifie r would be; ■a/lcw*' im pedancepoint as i s  in d ica ted  by p o in t A
these co n d itio n s_ th e  d ie le c t r ic  ^aisplifier ©an.,.not . . |
reproduce a  sin© war© i n  i t s  o rig in a l form*, Biased., a t  zero. p o in t, the. Vi |
d ie le c tr ic  a m p lifie r , would a c t  as a  tm q m m y  doufeXor*. Bor, c la ss  ~ A, ope* 
ra tio n  i t  i s  m cessary .t©  add a .b ia s  t o  s h i f t  the operating p o in t,,to .p o in t fe !
a s  in d ica ted  i n  ilg..1.3*2&*As i s  shown i n  Big, 1,3*2a,b  the f e r ro e le c tr ic  |
d ie leo iri©  does h a re ,a . tendency to  f l a t t e n  th e . c to rge-. v c i t a ^  c h a ra c te rs *  j
t i c s ,  i f  s u f f ic ie n t ly  g rea t b ias  i s  supplied* This makes Im possible'. to  |
operate t h e ; d ie le c t r ic  am plifie r a s  a  b iased  c la s s  * © anplifier* . F a r th e r , ' 
Big,1*3*2a,b and © shOT th a t  the d ie le c t r ic  am p lifie r could fee operated 
w ith a  negative bias.*
. l a  ectsmoa w ith  a l l  knmm a m p lif ie rs , the d ie le c tr lo  am p lifie r - 
a lso  has i t s  low -level am plification  l im ita tio n s , l a  th i s  case th is  low * V , ■ 
le v e l .am plification i s  lim ited  fey,w d ie le c t r ic  _ n ^ .se ,t i caused by. e le c t r ic a l  j
and thermal action* .The low * i leve l, l im it  o f  the d ie le c t r ic  sim plifier has 
not been determined to  d a te , since the b a s ic  ceramics vary  considerab ly , {
d e lu d in g  on the canpositions used and method o f preparation*
t
b) Besonant type o f d ie le c t r ic  am plifier* . . . . . .  , j
■'. ; She h y s te re s is  lo s s  of a  non linear •» f e r ro e le c tr ic  condenser i s  I
r e la t iv e ly  low* T herefore, i t  can be incorporated  in  a  re  sonant c i r c u i t  " |
w ithout excessive heating* This f a c t  allow s the use o f an a©* sig n a l to  
vary, the resonant frequency of a  tuned c i r c u i t ,  thus producing a much ■
•  ■  j
Sr*&t$& impedance change u n it  in p u t voltage than  can fee obtained w ith
»1CW
a  condenser alone as i s  seen in  the non-re sonant c irc u it*  This resonant 
am plifier c i r c u i t  holds g re a te r  p o s s ib i l i t ie s  fo r  p ra c tic a l  a p p lica tio n s , 
sine® voltage aM p o w erg a in s  g rea te r, tlian u n ity  can ha' obtained w ith a 
resonant as^Xifior. .as opposed. to  the nm -resonant type  which proctaostf posi­
tiv e  pow er'gain’bu t gain " c f th a  order «£:C£3« .
. T h s ' i r i n c ^ ^  t^pe o f di© lcc~
t r io  am plifie r can bo sdaem atically  presented by$Xg*1*3*3& and b*
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characteristic, far a resonant 
amplifier circu it.
where*
Cfa * nonlinear condenser
ga ♦  blocking coodeaserg w hich.also s e r ie s  m  a  l in e a r
tuning capacitance* ■ - 
X*$ *- l in e a r  tim ing inductance*
3>l ;*  blocking inductance,
^0 " - do. b ias in g  *roItaga.
ve ~ instantaneous value o f s ig n a l voltage*
i^  -  instantaneous value of c irc u la tin g  c a r r ie r  currant*
ig  ' -V im ian tanaous Value o f co n tro l current* ' 7 : " ;
w*^  and i^  -  instantaneous value o f  load  voltage and current
7  r e s p e c t iv e ly /  ;
• t B and : «* s ig n a l and c a r r ie r  frequency, re sp e c tiv e ly , where 
■' f#  << ft*
The;single resonant d ie le c t r ic  am p lifie r c o n s is ts  of the  ■ ■ 
co n tro l c i r c u i t  w ith  do* b iasing  source (V0 ) ,  resonant c a r r ie r  loop w ith  
an ao. supply source, demodulator end output c irc u it*  The tuned c i r c u i t  • 
co n sis tin g  o f  the  tuning inductance X*t in  s e r ie s  w ith  the nonlinear ccn&en* 
m r  (0n) $ i s  tuned s l ig h t ly  o f f  resonance a t  the c a r r i e r  frequency ft*  .
$,> i s  the tuning 'cm denser'w hich a lso  serves to  prevent -the flow o f c o n tro l 
cu rren t i n  the c a r r ie r  c i r c u i t * ! /  i s  a  blocking inductance,  which serves to  
prevent the f l© r : o f c a r r ie r  cu rren t in  the'' c o n tro l c irc u it*
„ The capacitance of" the nonlinear-condensers, C&, i s  v a ried
»12*
by the sig n a l voltage to  be am plified . A change i n  the capacitance a l te r s  
the tuning o f  the  resonant c irc u it 'a n d  since the .ca rrie r  frequency i s  con* 
s ta n t ,  the c irc u la tin g  'carrier current* i t , in  the tim ing c i r c u i t  w ill 'b e  
modulated by the sig n a l v o ltag e , vs . T herefore , the voltage appearing across 
the elements o f the 'tuning w il l  ©Iso be modulated. Of course, th is  condi­
tio n  i s  f u l f i l l e d . when the n o n lin ea r!ty  o f -the . f e r ro e le c tr ic  condenser ■ 
used i s  .small and then  "the resonant c i r c u i t  w i l l t e n d  t o ; r e s t r i c t  the flonr . 
. o f off-resonance harm onics.; Wow,; the voltage a c ro s s ' the inductance ,  1 $ ,
. i s  V. demodulated by a  demodulator . and app lied  to  the load . The obtained 1 
voltage output across the. lo a d , i n  a  p roperly  designed a m p lifie r , w i l l  
have s im ila r -wave shape hut la rg e r  amplitude ; than the  inpu t signal.' ...
Thus a  voltage gain  i s  obtained. .
In  £ig»4*3.3.b. ■ i s  shwm steady *-■ s ta te  circulating cu rren t i n  . . 
the resonant c a r r ie r  loop i n  re la t io n  to  the v a r ia tio n  o f  co n tro l p o te n tia l . 
As .the' s ig n a l v a rie s  about th e , fix ed  b ia s . p o ten tia l,'-  ▼o* the v a r ia tio n  
i n  the amplitude o f c irc u la tin g  c u rre n t, i ^ ,  can be. traced  on the curve as 
is . shown i n  Hg. 1 *..3#3»b#.-Therefore, as i s  seen ,; the /s ig n a l gain, i s  proper* 
t io n a l to. the .s lope . o f th e ' curve■ presented in  the reg ion  o f o p e ra tio n .. This, 
i s  c a lled , a  tuning, curve. She shape of. th i s  curve i s  o f  fund,amenta! impor­
tance fo r  design o f a  resonant type o f  am p lifie r.
tv*« 1
.The poser-output levels o f  ^ d ie lsctri©  am plifie rs  presented are
. genera lly  o f . the o rder o f  m illiw a tts . ..
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1,4* Hon -  'lin ea r Condenser as a  Variable c i r c u i t  element*
1*4.1* ' Introduction*/
The h e a r t o f a  d ie le c t r ic  .am plifier i s  a  nonlinear conden­
se r . The performance o f . a, d ie le c t r ic  am p lifie r depends on the  p ro p erties  
of the components which are used, The most im portant component in  d ie le o -
: vVh
t r i e  am plifie r c i r c u i t  i s  a  nonlinear condenser* 'therefore ,  i t  seens nece­
ssary  to  consider the p ro p e rtie s  o f :iha' non linear condensers, and to  show 
the importance o f d if fe re n t  fa c to rs  whidi are  inYolved In  i t s  p rac tica l., 
ap p lica tio n  in  various' c i r c u i t s .  The non linear condensers considered in  . 
th is  th e s is  possess fe r ro e le c tr ic  m ateria ls  as the'dielectrics* Bam pro­
p e rtie s ' o f  these m ate ria ls  m m ' considered ' g enera lly  i n  the f i r s t  p a r t  o f 
th is  thesis*  Here, the p ro p erties  o f these m ateria ls  are '.discussed from 
the p o in t o f  view of th e i r  a p p lica tio n  as  d ie le c tr ic s ' o f  condensers being 
variab le  reac tiv e  c i r c u i t  elements* T# p re d ic t the performance o fAd ie le c ­
t r i c  a m p lif ie r , . the  behaviour of. the nonlinear condenser was determined 
and "sane'means o f rep resen ting  i t  a n a ly tic a lly  was conducted* &Lso the 
'resonant c i r c u i t  comprising the "nonlinear condenser / a n a ly tic a lly  and 
tacperlmsntally.'wttS considered*'
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1.4# 2. : Choice. o f f e r ro e le c tr ic  m ateria ls  as nonlinear d ie le c tr ic s .  ;
' ' Ths id e a l  f e r ro e le c tr ic  m a te ria l-fo r  use as a non linear 
d ie le c tr ic  would, be th a t  , which would have a  bi^x nonline a r i ty  e f fe c t  w it­
hout a' h y s te re s is  lo o p , since h y s te re s is  c a ts  dawn. the gain, of. a. d ie le o ir io  
m o d if ie r  aM. introduces. heating  lo sse s . By high n o n lin a a rity  e f fe c t  i s  ' 
meant a  high ra te  o f . charge o f . p e rm ittiv ity  w ith e l e c t r i e a l  f i e l d . . F u rth e r, 
the d ie le c tr ic  should hr. have 'a ,small, to s ^ r a tu r e  dependency* M # i, r e s i s t i ­
v i ty  / ,  and high mechanical strain.,. A d d itio n a lly , w ith  regard  to  tha/m am fa- ■ 
e tu ring  process o f d ie le c t r ic  a m p lifie rs* - the  d ie le c t r ic  .m aterials, should 
have reproducible-.properties#., ' ,
. . .. A single, f e r ro e le c tr ic  c r y s t a l w i l l  give much b a t te r  
r e s u lts  than  ceramics m  "mcount', o f I t s ' s ia^ . narrower ..hysteresis loop .and 
mitih sharper change . of s lo p e . w ith e l e c t r i c a l ' f i e l d . ': F a rth e r , s in g le . c ry s ta ls  ,  
below the Curia tem perature, are no t so .temperature sen sitiv e  as ceram ics. 
B ut, there  i s  a  d e f in i te  l im it  to  the time requ ired  to  reverse  a  dom ain., 
This time i s  p roportional' to 'th e  ..th idcness. o f  the c ry s ta l  and fo r  a c ry s ta l  :/ 
0.012 cm. th ic k , ' w i l l  l im it  th e  upper frequency o f operation, to 'few  M °/s, 
even i f  a l l  heating  e f f s e ts  are removed*  ^-Therefore,  i t  seems,  th a t  
c ry s ta l  m y  fin d  ap p lica tio n  in  the low r& dio-frequem y c irc u its .. F a r th e r , 
■crystals, are - l ik e ly  po be broken by RBchardcal v ib ra tio n , and th u s , .th ey  •
; should be pi&c&cT in  mechanical damping : arrangem ents, , . . ■
■; .Bscently Mason s p o r t e d  th a t  a  few experim ental
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Osyshal® haw# teem mad# l a  whleh t t e  te a t  lag e ffe o t I s  so sm all th a t  t t e  
hyste resis  loop rotm im  wsnhmgod up to  200 I c / s  o r  h ig h er. But fee has mot 
: g±TOt any more isforis&tiom about the  so ery  sta le*
f o r w l f o i r io & l  m a te ria ls  in  polyeryrtmllim # ph&ao (e@ramie)t as %h# 
nonlinear di©X@etries* u su a lly  eo n ta ia  a  largo peroenfc&g® of terimm 
i i t a m t e ,  am# o t te r  'components aided to  medlar t t e  e lo o tf ie a l  and physloa! 
e te r& etey isties o f pure barium ttiu r& te*  . M  follow s firm, th e  result®  pro-# 
seated in  Chapter I f  o f t h i s  th e s is  {Part X)y t t e  h ighest so n s ii iT ity  to  
© lee triea l f i e ld  was e a M tlte d  by a . oompositlom o f b a rlu a  tit& im t# w ith  
barium s ire o m te , but th e i r  olm raotoristi#®  a re  le s s  l in e a r  item  the  ®aa* 
ourres fo r  th»- composition barium t i t a n a t#  w ith  strontium  t i i a m t #  o r 
staiumte^lmrium t i t a im t f * ' . I t  mmm th a t  t t e  t e s t  no& positions mm%  those 
. m m M o m i  f o r  a p p lica tio n  a® nonlinear d ie lec tric®  in  d ie ls e tr io  am p lifie r 
c irc u its . are* MO (ftQg * SrOg) o r ; laO (fiOg #■ SaC^}* &m t o  to*
.' p o s s ib il i ty  of. obtaining th e  oomstamt. l in e a r  r a te  o f  change of t t e
•«
- d ie le c tr ic  o o ss taa i ©trsr a  w ile  rang#- of © lee trlo a l f ie ld #  ; .
- f t e  fcrrbe lee trle® '1 prepared as. teterogemeous mixture* having a  
■ small perm iteiirity^tsm pem ture c o e ff ic ie n t m y  i t  seems bo used a lso  im . 
the  sam® casss'-a s  ■ non linear d ie le c tr ic s*  where t t e  high ra t# , o f  change of 
p em lttlw ib y  w ith  e le c t r ic a l  fie ld , i s  mot neeessasy i f o r  instance* in  the
end stag#® o f . cascaded amplifier*: ■ 1m. t t e  present, s ta te  o f  p rep a ra tio n  th e  
heterogeneous m ixtures (see chapter 2*9,pt*X). e x h ib it .*■ lower s e n s i t iv i ty  to  
. th# e le c t r ic a l  f ie ld , ©bang© than  th e  eopponents ttemseXwes* But i t  m om
th a t  t l i e i r  p ro p e rtie s  be Improved tyf um  of 4  su ita b le  preparation, and
#©mpone:tes* ■' &% p resen t th ese  mixture® a re  in  a  s ta te  .• o f .. investigation*  
an# i t  - i s  not known how t h e i r  nonlinear p ro p erties  w ill ' \m a ffe c te d  a f t e r  
ageing, of ®m year o r mors* JX I d a ta  o f th#  heterogeneous sdxbure# . 
■presented in  t h i s  thssi®  (p t .I*  chapter IX and I?) e©rresponds t o :unaged 
tp^imens*. .
• In  th i s  work fe rro e lec tric# . in  th e  p o ^ ro ry s ta llln e  phase a s  th e  '■ 
d ie le c tr ic #  were only* ; 1
I re s e n t dearth  of su itab le  m ate ria l seems t o  be th e  most Important 
th in g  Which i s  r e s t r ic t in g  th e  fuXl~#saXe deryeloiBaenfc of d ie le c tr ic  
^luapXifiers* v':-^
1*4*1*' v Choice' o f  tem pom tiite: opcm ting‘ poin ty
JUr ha# tee n  poin ted  out by imny in v estig a to r#  {so# *bibliography*
par*!*)* In  the  w ic in ity  o f t t e  Curie tem perature f e r ro s le e t r ie a l  m ateria ls
e x h ib it maximum m onlinoarity  (max*rat© of change of: pem lttlv tfcy  w ith
e le c t r i c a l  f i e ld )  and narrow d ie le c t r ic  hyste resis ' loop* fu rth er#  th e
negative  side  o f th e  d ie le c tr ic  ©©natant-tem psm ture c h a ra c te r is tic
■ € m f  ( t )  * i#  u su a lly  le s s  s ta b le  due to  g re a te r  p iesoeleetri©  e f fe c t
(see Chapter I* ^Crystallography**) * ■ The d ie le c tr ic  noise i s  a m l le r
above th e  Curie po in t th an  below I t  ■ * A im  th e  h y s te res is  lo sses
-  '■/.■■■'(SMI# ?«)■■■• ■'•
a re  sm aller above the Curie po in t than below i t  ' ■ • . On account
o f  these  p roperties#  th e  working tem perature f o r  a  non linear
f e r r o e le c tr ic  ' condenser • © ployed In  a  d ie le c t r ic  a m p lifie r  should
fee chosen in. th e  v ic in i ty  of t t e  -Sufi© po in t md- Ju s t above i t*  Above 
th e  Curie tem perature t t e  nonline& rity I s  n o t accompanied by appreciable 
.te s te re s le  a ffec ts*  t u t  I s  very  c r i t i c a l  w ith ' temperature* ■ -.therefor© 
tte '© h o le s  o f temperature. ©pemting po in t should be very  c a re fu lly  ©caa* 
niM&sA in  t t e  design of d ie le c tr ic  am plifiers*  . A d ifference  of t t e  order
O •
of 10 0 above t t e  t e l #  tem perature In  t t e  ©tele# o f operating. po in t may 
have a  Serious .Influence on t t e  a n a ly tic a l  ap p ro x im tiem o f the . non linear 
c ap ac ito r c h a ra c te r is t ic s  used to  p re d ic t t t e  performnc© o f a  ' 'd ie le c tr ic  
am plifier*  In  t t e  considerations here c a rr ie d  out# t t e  tem perature 
operating: po in t m s  chosen about M %  above th e  t e l e  temperature*. and t t e  
behaviour of t t e  nonlinear ©©ndenser m s  d iscussed corresponding t o  t h i s  
©as## .
As an a ttem pt to  Improve t t e  tem perature s t a b i l i ty  problem* th e  
follow ing methods m y  be app lied  t
1) .instead o f  ®m condenser* two condensers, m y  be used*: on# 'operating on 
th e  p o s itiv e  s id e  of i t s  t e l e  po in t m d  t t e  o t te r  -operating on t t e  negative 
slie*,- t o  compensate fo r  each o t t e r  over a  © m il tem perature range* th is  
artm ijgemnt Introduces la rg e r  noise in  comparison w ith  ©m  condenser w ith  
©pem tiag po in t above t t e  Curie point*
I )  A pplication  o f tem perature control* Hie nonlinear condenser m y  be • 
p laced  i a  a  chamber of constant* co n tro lled  temperature# A piece o f 
f e r ro e le c tr ic  m te r i a l  having g rea t tem perature c o e ff ic ie n t m y  be used as  
t t e  tes^eratur©  s e m it iv e  element*
# •  I I S ’ <#■
" Eepre sosta tion ' of oharge-voltage ©fcafaoteriefeie* '' "'
■■■'$& a l l  of" dieXecbrid syap lifief c i r c u i t s  th e ' flow' o f &&'1 ' 
m  '|© arrior}' © urronb is ber&roXied h y th e  non linear capacitor#  the 
^ ia ^ d a ^ * *  of' :i$iieh i s  a  fu n c tio n  of b h r  i ^ r t g #  o r M a e ’w lhag#  
m io ta ln e d  across th e  .owfeas^?* ' '’is* s te a d y -s ta te , th e  fu n c tio n  e l a t i n g  
the- iastaatas& das voltage a a ro s t the non linear 'ta : th e
i s 'M  l s i  do^bie-m l'aad noi&iaear ctarv@a tlia dynamic 
i i ^ l c c t r i r  %*at®raila 1#£^*''■doffoispcM ing t® ' w m tf  wain® ®f wosatrol 
p o te n tia l  '©%a©it©r th e re  w i l l  be a  d if fe re n t f&Mly of
adiw ^'ijretejreeig l o o p s * © s a e l  ehuf® ©f the  h y s te re s is  loop depend* 
o n 'th e  .xoagaoitttdee ©f th e  m  and do components of co n tro l voltage* fu r th e r­
more, bh® ah&p® o f  loop i t  dapaadoat ©at '""■ *
■ '%) t h e 'm
: . $) .the mw^mitXom  ©f dieXeciri©,
4 ) tcmpemtmr®,
, B) p tm m m -0  ., ., ; . . ^
6) proirioma M s to iy , ; _ _
, 7) tim e * .
. Gloriously# in  the  p ra c t ic a l  eeoditiane. o f opera tion  of a  d ie le c tr ic  
a m p lifie r , teaspemture# pressure  and c a r r i e r  f re q u e n c y ,a j . ho m int& ined m  
constant smpiitmdea*. f u r th e r ,  «e vo ltage  remove® th e  o f  fo o t of; h i s t  017,  
and variation©  w ith  time f i d  mot- no ticeab ly  infXuonoe th e  behaviour and they  
m y  t f  ignored# In  th is  th e s is  th e  v a r ia tio n  of t h i s  dymmio# s te ad y -s ta te
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h y ste res is  loop w ith  th e  magnitude of th e  ao and do vo ltages was sen* 
siiorod# i '
Various methods of rep resen ting  the  nonlinear condenser a n a ly tic a lly  
Imvt boon employed by a  wm&Br of workers* ... ,$he review of those
methods i s  given, beXowf
■ •■- . .
X i - ' f t e : f i r s t :  r ^ p r o s o n t a t l c m , ^  w a s ' s u p p o r t o d  t h e  f i t o t  t h a t  w h e n ; t h e  • /
a i ' :Voltago^aoroOt.tl^'-nicmliiioar oondemser.is. suffteienfely.:© m il*vtho 
cap ac ito r behaves approxim ately, l ik e  a  l in e a r  element* , fhe , lo sse s  o f  the  
cap ac ito r a re  represen ted  by a .-series or f a l l a l ,  l in e a r  re s is ta n c e , and - ■ 
tk#  e f fe c t  o f ;.b ia s  #f; tMs^ re s is tan c e  is ig n o re d *  ;.M i#ar::a© c i r c u i t  theory 
i s  used to  p re d ie t s i ro ir i t  behaviour*, fM a  rep re sen ta tio n  1$ v a l id  where,.
the- me■ vo ltage  across, the. ,n o n lto a r:.o o n d m ser 'is  ■ e m ll*  . :
: f ■' ‘ ■' ■' ■ :•>" C^fdiF '^h)' ,
t )  A second rep resen ta tio n '' ' o f th e  nonlinear sondeasey assumes a
s in g le -m in ed  curve a s  th e  oharge-voltage re la tio n sh lp  of the  capacitor* ■■■• 
t h i s  cu rve’ i s  assumed to  express th e  behaviour o f : th e  cap ac ito r in. th e  
m m  of zero b ia s  and a lso  f o r  a  s i tu a t io n  where the: b ia s  p o te n tia l  I s  not 
Sere*.' " th e ' lo sse s  of th e  cap ac ito r a re  represented  by a  l in e a r  re s is ta s e e  
Independent of th e  bias* ■ For development o f th e  a n a ly s is , t h i s  s in g le*  
m in ed  curve i s  approximated i n  th e  c i r c u i t  equations by & mthomatio&X ■'■ 
expression  such a s  th i r d  o r f if th -o rd e r  polynom ialf o r  a  iTperholio • s in s  ’ ear 
ta n g e d  ' ' * th e  re s u l tin g  nonlinear d i f f e r e n t ia l  eq* ls solved in  the.' steady* - 
s ta te  V  any of the:'usual approximation £©thods*fhia method o f rep re sen ta tio n
m $Q m
'm 0M m  o f  t o  I  t t e -  t o  m
' c m ^ a #  i s ' m% mmXI* Vmmm?t  t l i i s  ma wioi ignores
': t o ' tm M & m 1 o f ’ t o  ^ : i ic c ilto a r  oo m lo to f isA1& eleetxleaX  fie ld*
t o o  t o ' ©f ’ t o  d w ^ ^ t a g a ' t o r a s t a r l s i i o  to  t o : atmgla~
/ f a t e i d  t o w  i s  v  '
3) A th i r d  rn p m m n ta tlm  o f  t o  nmMmm? o t o # m »  i s  baaoi m  t o .
tobXe^^salmd natu re  o f  t o  c iia rg#»T d lti^  f to t io m  §®d i t s  oopoto iiey  m  
' t o :  t o  tmXt&ge t o  do M tom § p o te t ia X . A s a r is s  o f  toyo toaais  loops in  
. " to ' fo m  o f  p a r t l t o o p ^  i s  a ssu rto * ' A stop  by ©top m%%Xp?lm l a  u t o  i n  
1M dk t o  e& m ait acpaat3.cn fo r  eadti l in e a r  part, o f  t o  t o i r t d  ® m  ■ '
,' i s  ^ol^ed capw a-tsiy  and ©oMtions tb sa  cas^imd* tM e  sntboel i s  r^somblo 
. fo r t o  mk$ to m  t o  a o to l  fepifesoto  to p i ' o f t o  m ta r ia l  t o o  a to p e  . 
sim ilar to  th a t of tm  ft&nsto parallelograms, SMa may be m m ^  toss fo r 
f b m e lo to ln  © aeria ls  in  nia^oor^tallira s t e a y  b a la r  theto  Oorle tempera-*
. ;; turo* Bat a s  t o  tispsra tu ro . t o  t ^ t e o a a ia  loops
' do m t  t o o  iM  s  shape b u t ra th e r  %mm m d tm x m  h y s te re s is  loops w ith lo s s
. - i t ' '  - '
I t  mmm t o t a l s  very  d i f f i c u l t  t o  rep re sen t accu ra te ly  f t o  
t o r i ®  .» ¥ o i t a p  e to a e te i ls l lo  o v e r 'a wide range ©f t®a$erfrturtt# m v6 l»  . 
ta g a s , <3©* b ias in g  p o te n tia ls  and f^ecp0nc?7 » ©inoo a l l  t o s t  faster®  chan- 
_ @1 t o  t o p  ©f :t o  d io la o tr io  h y s te re s is  loop in  an apparent way, Abov©
' to /C u r l*  p o in t t o '  n o r iiim a ilty  o f barium -  B tto n tim  t i t a m t a  i s  m r y  :
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critical with temperature* .As t o  temperature im m gm ®  above t o  Curie
temperature, t o  hysterests loop b© ernes mcr&mr and 1as© llmar-cempa-
rad to .to  loop at. temperature very close t o  .Curls to p e r a to i ■'<& ba'lcsr
it* Also t o  m grdtoda o f  ao» voltage t o  do* b ias in g  p o te n tia l have-, a  
w ry  high e f f e c t  m  t o  shag* ©f t o  dislsotcin h y s te re s is  loop iM )^  
t o  M as voXteip fieere&ssa ...to, a r t a  o f  h y s te re s is  loop ^ ^ a i* I  ou ts te rn
: (10-12) 't o  ammmt o f e te g r - iX to n g  through t o  nonlinear pandomtit * *
t o  im ^as# of frequency of ao, ■ •earpcttsat also decreases t o  area of t o  
Mjatertsis loop :
a t o  iftsarre# t o p s  of t o  d ielectric  hysteresis loop above 
t o  Curls, temperature ..suggests# a ^presentation of . t o  charge -  Voltage ■ 
relatioaslsip as a single «* valued deterMmd as t o  l o w  o f  t o
tips of ..to  miner ; hysteresis loops* tosapproM m atlm  has a Justiflea- 
t im , f ir s t , in  t o  fast that t o  energy loss per cycle Is a t m  per m n t  
of t o  peak energy stared in  t o  nonlimar condenser, comprising a suitab­
le  fbrroslsotrie iioleotrlo* S © e»4 ,ly , t o  looms of t o  tip s of. t o  © tor  
hysteresis loops represents t o  and points' of t o  loops tom bias ana. ac ■ .' 
voltages across t o  nonllmar condamsar' arm applied* to r e  fore , t t i i s  m rm  
i s  plotted under coniltim a , which are eoESPcspocaing to  t o  actual m m  
o f  dielectric amplifier operatic* t o  assumed curve MU'represent a' ■■
* charge ~ vo ltage * or am w e le c t r ic  MspXabetasmt -  e lee tM o a l s tre ss*  ". 
characteristics i n  t o  oorrespomrling scale* By f i t t i n g  . t o '  cubic *$j&tiQa > 
im t o - fr o . i  , : . ' .
; . B •  cc'e ♦ f  B3
ST •  °< q ^  "
.-■-■■ ■.■•- #l@ctriiaX,©treas
. f  -  f yolta@s .-
■ & -  ; © t e t r i #  Ciepteemnhi ' '
■ .$ * to r g #  . •
<si <<■', f  av,<k f  m
_ ;.; t o  a  prtd X ei capacitor* ", . •
* - ' 1  *  v / t
: ,■■; i  © qfk  ‘ • ■
: I  m is 1Mdkm$® smft; A is t o  <&$& of t o  dielectric 
. s l a b ,■ ; '
to to  B II <jw» ( a* * g, «* vw .w t}| as well m  possible ©v@r to 
desired range, &m analytica l estoressim  ©f. e^M vateb espaMianoa o f to '  
momlimsar ccs^anser.. «  t». found#. I l m s  t o t  .this Bpprmlmi&m has 
to t adhrgtttags ow, to  torsal polarisation” ww tot to-latte repre­
sents to  #M points ©f to hysteresis Acoprtom bias voltage Is m m ,  
it  does m% ooasrespWl^  to aotol coedittoos 'umdsv wbXei* to  
ncr&toar cm^rnmr usually  op era te  in  t o  a ^ l t f t e  c ircu it,'
" - A series <sf ^asu^mmts of to  minor hysteosiss loops mm
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made as a  function  of &o f ie ld  s t r e s s  a t  various m&gaailrades o f da, M a­
ying voltago (ss® appan&ix Ho. 1) ,  fo r  a  ceramic of :70 f° BsSlOj ♦ .30 ?S v 
SrfiO j *'2'$£ BaZrOj ,  a t  temperature 12*0 above i t s  Curie p o in t, in  F ig.
1 .4 .1 . are shown e le c t r i c a l  displacem ent: •» ■ e le c t r ic a l  . s t r e s s ,  B V  B, ;:; ‘'p. 
c h a ra o ta r is tie s ,  as  a  locus o f the t ip s  o f minor h y s te re s is  loops.
Frcsi Fig.' 1 ,4.1 i t '  fo llow s; as th a t  as the .bias increases the slope 
o f the C u rv e s ,D -  S .(o f ; :Q -  V ), i s  decreased. Sherefore * th e : e ^ o iv s le n t . " 
capacitance, represented by the slope ©fD -  E ourv®, decreases. F arther , 
fo r s u f f ic ie n t ly , high value o f ac. component the equivalent capacitance 
becomes le s s  dependent m  do. f ie ld s ,  these  r e s u l ts  are corroborated by 
the experimental d a ta  o f  the  increm ental d ie le c tr ic  com tan t obtained by 
a  resonance method (see pt# 1. * chapter X? (5 ) .
In  F ig . 1.4*2 i s  shorn the D «. E curve as the locus o f the t ip s  ■ 
o f major h y s te re s is  loops fo r  a cersu io  o f  70 % BaTiO^ + 30 % SrTiOj, a t  
temperature 13*0 above i t s  Curie p o in t. Ihe curve was obtained a t  frequen­
cy, f  » $3.6 K c/s, and a t  b iasing  v o ltag e , ?o « 75 v o lts . On the same 
graph are marked the po in ts obtained from the cubic func tion ,
E * (  1.7^1 D ♦ 573 D3 ) x  10 
. y&vm  1 : ■ '■
B •  e le c t r i c a l ’s t r e s s  { T /a ) ,
> B <* e le c t r ic a l  .displacement ’(ooulc®b/m^)
used fo r  a n a ly tic a l rep resen ta tio n  of the B -  1 c h a ra c te r is tic , th© maxi­
mum dev ia tion  between experim ental po in ts  and those obtained by th i s  analy-
P ig. X .4,2. CUBIC RBFSSNTATICN COMPARED WITH THS LOCUS 
OP THS TIPS OP MAJOR HYSTERESIS LOOPS, *
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't id a l  approximation was found to  fee about 3 per cent in  the  range correspond 
aingi to  small values o f e le c t r ic a l  s t r e s s ,  near origin.. For h i t t e r  e le c t r i ­
ca l s t r e s s  the dev ia tion  i s  o f the order o f  1 to  2 par cen t. Iherefo re  f i t  
sees© th a t  the cubic approximation may be used fo r  h igher ©solitude of ac. 
f ie ld  s tress*  For lower values o f e l e c t r i c a l ; s t r e s s  the f i f t h  order or h ig­
her order o f approximation should be used.
But, rep resen ta tion  o f the " charge -  voltage n c h a ra c te r is tic  
as the locus' o f  the tip s . of. the  miner loops i s  very .inconvenient, since;
a ) a  d if fe re n t fu n c tio n , or a t  le a s t  d if fe re n t numerical c o e ff i­
c ie n ts , must be used i n  the d isp lay  of the n o n lin e a rity  fo r  each value
of con tro l p o te n tia l,
b) using th is  rep resen ta tio n  i t  i s  d i f f ic u l t  to  show, in  an 
easy way the operation o f the d ie le c t r ic  am plifier* Namely, .the deteasni- 
.nation  of t h e .v a ria tio n  in  c irc u la tin g  cu rren t as a  function  o f the slow­
ly  varied  con tro l vo ltage.
th e re fo re , a  comparison, between these two rep resen ta tions o f 
"charge-voltage* c h a ra c te r!s tie s  was undertaken, l a  th i s  o rd e r , a  s e r ie s
of measurements o f minor and major h y s te re s is  loops fo r  the same n o n li-  ■
1 ' ; }■ 
near eondenser were made, , V ;;'
In  F ig . 1.4* 3* i s  shown the c u rv e s re p re s e n tin g  the locus of the  .
tops o f the minor loops.and the curve rep re sen tin g ,the locus o f the t ip s
o f the  m ajor h y s te re s is  loops fo r  the same conditions o f the  measurements*
Frcm the results obtained i t  follows t h a t  the  d if f e r e n c e s  between these
COMPARISON BETWEEN THE LOCUS OF THE TIPS OF MI
NOR LOOP FAMILY AND THE LOCUS OF THE TIPS OF
MAJOR LOOP FAMILY
o f  thelo c u s major loop
o f  th s  minor loop
-p
0-03
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curres are apparent fo r the high values of the minor loops* As can be 
BB&n f r m  Fig* 1.4* 5  the tip s  of the larger u ln a rlo o p s f a l l  off of the :" 
.curve of locus'of the major' loops/especia lly  above the fixed control 
point (i.c* above fixed do* bias point)* For sm all'values' of the minor 
loops tbs deviations between thesa curves' i s  r^sonably small, and i t  : :
- was found to ; be-about 1** 2  % in  the investigated'ease* Therefore* 
i t  seems, that :uso of: the locus of the t ip s  of-the major''or minor hyste­
resis  loops as 'the apprcEribnate.&-; characteristic  ,doas not make ■
■ appreciable differenoies fo r ■ small value ©f : - control voltage*
of the
for approximated r o p r e s s n t a t i ^ / ^ ' V *  characteristic  may be used 
. one of the following functionso f charge and voltage across ; the nonlinear
condenser (23 : '-K. v;.
■x- v - X- Vv t a n '
: : ■ '
C) ?  « ocg, -*• J3^j
d) w»V+rtV^
vSo 1 ^  , o6 , j?), y,\AYi ah4- p corresponding ooofXl* 
cleats which may bo; found'..on the basis ;©f the experimental wq. «• v* 
'curve or by ©a© ©^approximation method* - V'
For further analysis ©f the nonlinear condenser i t  i s  neeo~ 
sSaryt© detendm  the t o s  tangent; of t l^ 'nonlinear condenser* In th is  
analysis was assumed th e  same definition as fo r  a  linear condenser, i*e*
*  m
aa'th©' rati© of the o m ttfs s? ' lo s t  per ©yol© b© t  biiaeg the  
stored  energy* Subsequently* ^ using the  d e f in itio n  fo r  the  lo s s  tangent' .: : 
of l in e a r  eondesser in  ©quimXenb se r ie s  resistance*  ta n  # L  wC * 
the ©quimlenb se r ie s  resistance* E^* fo r  ths nonlinear condenser ©an to  
ia l in la te i*  •
■ .$& f% #4*S*S„ £parb 1* ©hapttr I f  IS) th# lo ss  tangent fo r  the 
nonlinear eoadanssr I s  p lo tte d  a s  & fu n c tio n  o f  b ia s  rolt&g© f o r  mtflmm [ 
m  voltages* , ' As'©an be seen from th ese  resu lts*  the  lo ss  ta n g e n t ' 
deereases a s  th e  b ia s  vo ltage i s  increased* fkm m ivm  f o r  h igh  m lu e s  
o f b ias g re a te r  m in e s  o f  the- resonant c i r c u i t  q u a lity  f a c to r ^ *  a re  : 
possib le , Also*' a s  m y  be ©sspsoted* th e  tem perature r i s e  of th e  non linear 
capacito r w i l l  be, le s s  f o r  a  given ©aergsr input a t  h igh b ia s  voltage*
,'-/33» ©ego* to  psod iat tlis  io ts& tlw  o f  t o  « ^ is 2 e a r '© ^ @ » r #  © a l» *  
l a i t o  t o  m i s  o f  (e s a f c t o ) -  mmpmmnt o f  t o a r g p  m  t o
o o g t e s e ?  a a  o f  tte*$m0:t&:. &  m t s b e »  o f  v a t o o  e f  © m t r c &  « m $
t ^ t o m t o g  t o  c t e t o #  mm$i&3m &. (tig *  1 . ) was ed»posd4 o f  a  lissas*
f c t o f t t t r  ' ( t )  fttta ) & t o  ^ W o t o  . ( & } * &  o t t o *  w i t h  a  f t o i x v u a r  © ® i s n s © f  
(0 n )* ' f k m  vOLt«*g& l i o t o s M I  OpOh t o  • e l r c a i t  © o i s s i e t t i  © f e s w s ta n t  v d l t a g #  
Cgmtr o l v©atfaa») flrc ) In  e » ti» s  W fc a s t e s o ia a l  yg&tags ? t ® ^  • e in  ( t y f r f )
- — I — QfMW — - /W W V  -
Vc ; Cn L R
<30- — —
Vt = y t 5 in  (U>4± + vf ) .
.g. t
7  . K irdiofffs  f e w , isw.appXi©& to  t o  o tro u ii o f
t i g * ! *  ; ■ l e a d s  t o  1 1 s  f o l l a i i t o  © tp atitei
L •*• ft <^  ■+ Vk -  VJ. <5ivi (isO+t. +  i )  &  Vc ' • - . . . -  ; , ( i k - \ ) .
-' ■'It m s mmm&- t o i  t o  vcHtago across t o  noalim&r ' t o t o t o  
(% } i s  t o  'fa iiissiijg  W o  ::*>!
t o r s
Vh >  oCtp+ J><y
o( #  IB t o  o f t o  i r i t i& l  eo ^o c ito o o  © sitx tsim i fey
t  »  =0
jj> * i s  a  ©oosta&t tiblch fepsiiSs &% tba oliar&oiaristlea Of “t o  BOBXiiioar
d ie le c tr ic  o f the capacito r. ' ;
su b stitu tin g  ( l# 4»2. )  in to  (1*4»1*)» w© get  
L ^ / v R ^  + ° H  + ^ 3 ^ s x n ( 0 0 < t + i )  + Vc   0 -H .H
Let q . « ■ fl_o + Ri S m  ■■•::.■;■! as the f i r s t  appro idm tion
. ttsen 4 *  AtU?+'£°s u ^  
q *  —/?i ^ * 3  in
a3 * fl, +'3ftoafl,6iM<Jft  + 3 flofl,2sin*4t +
* R ? + 3 A o f l l s m u t t  + i M l - ( | - - c o s 2 w ^ )  + _ | i ^ Sl„ W4f.5,VI3u<t j  
-  ( a .5 1 + —^ — c o s - 2 ^
f l 3
— —— si n 3 ^ t .
4
/ 4 3
He®?* su b s titu tin g  the obtained expressions fo r  q , q , 4 <1 tn  equation
(1 #4* 3*) |  end comparing corresponding terms .cut each ■ side f we have-: ;
3 Ao flj1
Constant t e m f o£ Ro -t*^ > (A© “+ 2 ) =   - - • -(/^f-4 )
o i
Coaff. of + ^ f lr + 3 f f l . ( f l . t + - ^ ) = ^ C p S . t  •• •(/• 4.5.)
C osff, o f  R A; U)+ : = V + 5 i Mv f . . . . . (1.4.6)
Equation, ( m-H.) is. solved as -belor# : ,
This component |  fl| * was ca lcu la ted  as shown in  tab le  .XX* 1. 
(sea appendix Bo. XX*)*
• The graph shown in  H g . Ih. . was' p lo tte d  o f  ., . as a  function  o f
■ _ pG and values fa?  fu tu re  c a lcu la tio n  were obtained frcm th is  graph*.
Bow* equation (1*4*5) and (1*4*6# ) may be solved a s  follows
by squaring and adding.* ■
( - L a c o / j ' - a i - f l . w f  [o t f l ,  + 3 j 3 f i , ( flo +  - J l )
Let, _  oc (I, ( flo1" + -T-)=F . . . . . . .  .(14.1).
Then* equation (1 * 4 .8 . ) reduces to  *
L1 n ? 'w / , - 2 PLf l ,u > tl  +  + P4- V , * =  0  ... .  ............( 0 . 1 0 )
, e .
 -  r4^  £ \Zf2PLR, - Ran?-)'a ~ 4  ( P*-V /) L4/),4
^  ® 2 L? A,1
2 2PLflA 
"i
_  2 PUR R4A,4 ± V 4  4  PLR4fl,J + R V ~  4 P2(f fl,2- + 4V /|jLfl,3
2. r»2.
X t  \A- V4aL2 flf -  % PL R f^l,3 * R V  (14.11 )
2L4 A4
■■ X = z p l  h , - ^
,.'$ha esjafsssiaa (1*4*1. } i s  solved i s  tfas isM U r  fcara a . i s  Miism  in  
appsaSia Ito.. U ,  ( tab le  Bo.11,2*).- 
J^tettsiiiattea o f the m sla sa  o f  tfas resonasea o a v e s .
, ,2. 2 plR, -  R4A4 + \/h£ 2 PLR4A,J + Rl,Alt'
* “  2 £  fl 4 ~ —
_  + R4 /  v /  R1* R
n r  ± v  U f l f +  ^
^  ~  £  V  + U *  2 l i  \ j h  + 311 +
^
■ } *it3i rospoot to A, # m  I w
of 4o ooowr ( *$o appo&Six .i*s#XX }.*?h©a
1 “  £ f l ;
R R
* ' 4  L1* 2 L 3
H
] = °  • • •  • c 4*-153
fe s ' f e m  l ' : ^  /t& o "mpmBBlm. |  1*4#tS ^.iwidiwo' to .
v * 1 ' R
2 L
'  A  /}*]$ + 3 j S f l f + <*] = 0
i .e .
-  f  < p  ■* ^  " • * - *
o£o  -  j j = y ±
n ° 3£ fl?R *  3J5
I
2„2 J ft _  l j ~  Ri
. . . (1.4.16. )
B i d s  i s  solved i n  t g t a & f t r  t e r n  i t s  i s '  s h o r n  i n  i l i a  e ^ p o n S i a t  B o *  X X *  ' \
■ ( ta ^ la  22#S*}# t o j  m r f i s  sited expmmlm  ( 1*4*11) m® a ls o
| 4 © t t a i .  m  t & o  j p f t p f c  1 1 * 1 #  ' ( o s o  o g p a o d i *  & © * X X ) #  B s ®  i a t a i p Q o o t l m  o f  t h s s a

p ra c tic a lly  aero, fo r  the c a r r ie r  v o ltag e , V% .*■ $0 vo lts* , .
Also as the. con tro l voltage is in c r e a s e d  the locus o f the maxima 
o f,th e  resonance curves, which i n i t i a l l y  in c lin e s  s teep ly  to  the r ig h t ,  . 
becomes more v e r t ic a l  and fo r  V0 * 250 v o lts  shows a region where i t  s lo ­
ps 3 towards.the le ft* .
The c u rv es . corresponding to  th e .. co n tro l voltage ,  VQ * 75 v o lts  
are, experimentally verified*  In  H g , 1 ,4 .5 . i s  shewn the comparison of, 
ca lcu la ted  frequency response curves ( so lid )  w ith  experim ental curves 
(d o tted ), As. can be seen fro a  H g , 1,4*5. the experim ental resonance 
curves taken ,. fo r  various magnitudes . o f  c a r r ie r  voltage exh ib ited  approxi- . 
m ataly the Same shape a s ' t he  corresponding a n a ly tic a l curves,' However, in  
•sane cases the ’a n a ly tic a l and experim ental curves e x h ib it a. dev ia tion  f fa a  
each other*. For the lower values o f the c a r r ie r  v o ltag es , the d ifference  
batm en the ca lcu la ted  and experim ental po in ts m s  reasonably sm all as i s  
seen on the graphs (H g , 1*4,5* )• This d isc rep an cy ,it seems, ;i s  due to  
the d i f f e r e n t  between the a c tu a l locus; o f  -the t ip s  o f minor loops and 
a n a ly tic a l approximated curves ( th ird  o rd e r) , a t  high amplitude o f c a r r ie r  
voltage* across the nonlinear condenser. The ana ly sis  m s  ca rried  out by 
replacement -of the a c tu a l h y s te re s is  loop, by a  sin g le  -  v a l u e d  curve, rep re­
senting the . locus of the t ip s  o f minor h y s te re s is  loops, - A l s o  the v a ria tio n  
o f an equ ivalen t o f a  lo s s  res is tan ce  w ith voltage, was ignored* Therefore,the 
ch ie f sources of .error would appear: to  be the approximation Involved in  
the an a ly sis . I t  should be emphasised th a t  these graphs show only the
mm®*
The purpose' of the' foregoing analysis m i  to  find  the gesem i 
behaviour of tb s  nonlinear condenser, mot to  p ro d ie t accura te  re su lts*  
and' t h i s  purpose appears" to  im w  boom fu lf i l le d *
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1 .4 .6 . ■■■■■■•■■■ QwpM* :
.- . I t , 'is  desired to  find the tuning curves for the resonant, 
d ie lec tric  am plifier, due to  th e ir  importance in  prediction of.the • 
properties of d ie lec tric  ©mplifier.These curves 'relate the amplitude- 
of the ca rrie r current (or charge) in  the resonant ca rrie r loop to  the 
control, volfeg® applied .to■ tha’' n o n lto a r condenser#
. In F ig .1 .4 .8 , are shorn the tuning curves. The curves plotted ■ 
-here are between ca rrie r  charge aa^litude and do* control voltages 
They are found by p lo tting  points obtained' fraa the various resonance
'curves .(..Bg* 1*4.4# 1*4*5* 1*4*6, and 1.4*7f Appendix $o.XZ*} a t an 
. angular f re ^ e n o j of V  * ' *4 x  10 ^ rad*/sec* As' can be m m  froa the 
curve #-'30 v o lts , there i s  a  region between ,V@ » 75 volts and ,-y;-;
m .165 V olts approxim ately where the  charge has the-values ecrrespon- 
ding to  s in g le  value Ae o n tro lf:>Gl tag© ?$* I f  the c i r c u i t  i s  i n i t i a l l y  i s  . 
' s teady#* s ta te  operation  a t  some ?Q g re a te r  than  165. V olts ''(?e* 175 v o lts  
and charge 9*8/<c} and the voltage i s  slowly .decreased* the c i r c u i t  w il l  
operate along the top po rtio n  of the curve u n t i l  V0 *  75 v o l ts ,  (charge: 
10*6/uc)is reached.". Then; the c a r r i e r  charge .w ill suddenly drop to  2.1 juC * 
' .If., now tb s  .contro l voltage i s  slowly in c rsassd  frcm V0 * 75 v o l ts ,  the 
c i r c r o i t ^ i l i .  be' i n  operation on the low er po rtion  of -the curve u n t i l  
r  y0 .» 165 volts., i s  reached a t  which po in t the  charge w ill, dump back up 
’, to  the. highs?.. .value$■ 10,0ywC.  The. c irc u it ,  w i l l ,not assume stab le  opera*
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t i o a  fo r  operating po in ts tv 4  fS v o lts  and ?0 i- %$$ v o l t s ,  and.
between th© mpptr and Xmw' p o rtio n  o f th e  iw ® #  
' M  eaa be seen from 'li^«I«4#8»# ,md#r eertain oifW ftaBoos the
slops o f th e  inn ing  onrv© earn b® - w r y  large* I t  i t  to  to  expected, 
ilse re fo re , th a t  a  la rg e r  vo ltage  .gain s ig h t  “bo obtained from a  d ie le c tr ic  
a m p lifie r operating In  th e  high slop® region* Indeed, high gains- ha ts 
boon observed experim entally  f o r  sh o rt periods of time* &b p resen t * 
hosrever* such opera tion  has heem unstab le  and frequen t mtai&ng of the 
c i r c u i t  has been requ ired  in  order to  m in ta ln  th e  .am plifioation. the  
in s ta b i l i ty  can probably be a ttr ib u ted *
4) to  Inadequate c o n tro l o f the  sample tem perature 
b) to  unstab le  behaviour of th e  d ie le c tr ic  I ts e lf#
1*4*7* . M plitude  modulation by the v a ria tio n  o f capacitance ...
o f a  fe r ro e le c tr ic  capacitcr* /■
1*4*7»‘i« Introduction* , . , . 4 .,.
I t  semes, th a t  i t  i s  of in te re s t ' to  in v es tig a te  the  
modulation c a r r ie r  cu rren t amplitude by change of impedance of the non** 
l in e a r  condenser, since the operating p rin c ip le  o f d ie le c tr ic  am plifiers 
considered i s  based on the amplitude c a r r ie r  cu rren t modulation*. The pur* 
pose -of ' t h i s  ana ly sis  i s  to  p red ic t th e :r e la t io n  between the c a r r ie r  modu­
la t io n  amplitude and the signa l frequency,- A knowledge o f th is  gives some 
explanation o f the behaviour o f  a  d ie le c tr ic  am p lifie r and p o s s ib i l i ty  of 
application*. ■: ■
Beddish ^ 2 )  in v estig a ted  the c y c lic  v a ria tio n  o f capaci­
tance o f a  f e r r u l e c t r i c  condenser and found th a t  frequency modulation i s  
possible* He c a rried  out an analysis o f amplitude modulation by capacitan­
ce v a r ia tio n  a t  a  constant low r a t io  o f signa l to  c a r r ie r  frequency; But 
he d id  not'conduct a general a n a ly s is 'o f  the r e la t io n  between amplitude , 
m odulation, and sig n a l frequency. The ana ly sis  ca rried  out in  th is , th e s is  
involves many approximations. Hie accurate an a ly sis  i s  very d i f f ic u l t  
and complicated and in  the end must a lso  lead  to  more or le s s  approxima­
tio n s  since the c i r c u i t  being..considered em p rise s  a .non linear .elem ent.
In  th is  ana ly sis  the follow ing approximations were assumed*
1 ) , , the eapaolt&nee. o f the-' nonlinear capacito r i s  v a ried  by the
n i
sig n a l voltage to  ‘b e . am plified in  the fo ra ,  Cit) ~ r((+w 5,-WCosij 
A ctually  the impedance o f the .condenser i s  changed bu t l a  t h i s .
•'. analy sis  the re s is tan ce  of- the---condenser i s  assumed to  be con- .
; s tan i*  :
.2)*'. v;) N o n lin ear resonance-' e f fe c ts  are neglected . :
3 ), /., : the voltages appearing across , the elements of the c i r c u i t  in v es-
. t ig a te d  ©re like -w ise  modulated*-
'4)* . . .the c a r r ie r  source has constant frequency and v o ltage . ; .
5)* , ; the c a r r ie r  frequency I s  such .higher ., than  the s ig n a l frequency
, and they  are . -not r e la te d . to  each o ther.
:r These approximations,  o f course # give a  lim ited  p ic tu re  
o f the  aotuaX aodn la tion  i n  a d ie le c t r ic  am p lifie r; bu t i t  seems, th a t  
- by the analysis  ..represented below, one .can. ob tain  the  -general re la tion , 
between th e , c a rr ie r : amplitude - modulation and; the, s ig n a lfre q u e n c y , 
p a r t ic u la r ly  when, the  magnitude of b iasing  voltage i s  not v e ry 'la rg e .
1*4*7*2 ' . V aria tion  of capacitance o f a  nonlinear condenser.
, V-.,.. I f  across the nonlinear-: condenser i s  applied  a  sinu­
so id a l voltage vs shown
in  Big. 1 ,4 ,7 .1 # , then  fee v a r ia tio n  of I t s  capacitance f i l l  be nonlinear.
, r
Vs*Vssina)st 
1 _
% )  V .
I l  • h
Vo
Q t ) .
%®% the instantaneous charge c irc u la tin g  in  the c i r c u i t  shown in  
WLgt 1 * V M . . *
5mu)st
(1 .4 . 7 .1 )
Assuming the r e la t io n  between voltage across the non linear condenser and 
charge i n  the cubic form
v„ = << (j, + (1 .4 .7 .2 )
where
^  ^  -  c o e ff ic ie n ts  (see p . 27*)
then  the V aria tion  o f capacitance w il l  be
C<t) - jdVn (<* + 3 ? % Z) 
S u b s titu tin g  (t*4#7*1) in to  (1JW7*3} leads to
.  ,  .  .  (1 .4 .7 .3 )
C ft) =  ’/  [ + 3 j4 + ,^s ]
= ' / [ K + + %?%*) +
i&mm
A »  ^  +  A M *  + %  ~  ^
s  *
' e  -  3/ a M s
M  i s  ©@a» t o  a c t o l  variation  o f eapa^iaiia#
li  Ml altmaiii4 at to  e©^ it£@is eoasldsre^  M  this m&Xyaim to  
saeoni tamscmXe tom  was mgHs&te& and t o  variatl«  of m pm &tm m  
m m  a a s w i  an
c » )  =  y  f l( 1 + m s , n w s t ) * • • • » •(*«**7 .s )
; to )p»  .: . : ; ■ ; V '
■ ■ m  -  m ; ^ , . / , , ; - )  “  . . . « . « . «
■ ■ fa?  t o  a e t e l  volm® a t  ^  and />■ 9 m% i n  a  te&md&fo tri<* 
m p lif to *  t o  t a m  m ?,!H  gsasr&Hy be risieb t o s  than unity.
% k * % 3 *  tepXXtoe amliaXation tfeetep*
'fe?  w  a&mi&w  t o : c ir c u it Bhmm in  3&&1.&*T*  ^ c a s p ls ls g  t o
non linear capac ito r whose capacitance changes according to  equation ' 
(l*4*?#5)« c i r c u i t  Bhmn in  !ig»1*4*?*2 may represent- the resonant 
loop o f a  d ie le c t r ic  amplifier#, , : .
H g v 1 ^ 7 * a ;: . -
\ * t '  ^ t  s ,ntJ^  voltage o f c a r r ie r  scarce .
. I* ■„* , inductance ' : -
;VR : ,res i s tance*  rep resen ting  to ta l  re s is ta n c e -o f  
■ ■ f;<. ,tbe , c irco it* ,
0 / t x «s l/fl ( I + m s m i d s t ) , m < \
E eferiag  to  H g . 1,V 7«2«,  the d if fe re n t ia l ,  equation governing the 
im tsn tan eo as  c ira o la tin g  charge . q i s , '  "
R vt=Vtsinu)tt
When a  *  0 |  w il l  fee a so lu tio n  and eq« (1.4.7*7*) w il l  bo of. fom s :
L i +  R i  +  f t V  =  v + 5 m ^ t  ........................................................................................( 1 . 4 . 7 . 8 . )
• Mm assuming the so lu tio n  of eg*. (1*4*7*7*) as f i r s t  approximation in  the
for® = cj^ + m  ^
and su b s titu tin g  th i s  in to  eq, (1*4.7* 7*} wb havo ■
I* (^ o  * mci | ) ’ + ^  ^ o + m % )  + (%, + * m 5 ' nc4 ^ )  ^ -V4smo?ft  
or.assuming ( l f4*7.8*) wo have
L mcj^^Rmc^ + +mc^sincost + m ^sin  u>bt ) = 0
Ibg loo ting  a 2 as vary  email# w@ have
L c f + R ^  + f l = "  f l ^ s i n W i t   (1 .V 7 .9 )
Wov^as. seoond approximation assuming
q  = q + w q  + m 2q
K I/O H K
leads to
L (<3 + + m 2cj^) + R ( < p + m cj^  mcj^) +fl ( I + m s ' m « st ) *
( % +r^ % +m\ )  =  Vt s i n w , t
■- ( i i + R v % ) + m ( l % * K i + n %)  + r"l ( i v Kv llv +
Kn ^  fl 6 i n  co5t  ■ + m ^ ^ f l o ' s i n C J s t . ^  s i n  W s t  =  s i n  cof t
iM di in  view bf @<iaaiism (l*4i7*S. ) and, (1*4*7«9.} leads to
L c| +  R c^  +  f l c j  =  ~  5 i n  c o s t  * . * . . . * * * * . ( l « 4*7# l 0* }
How assuml&g the  sc&utica of equation (1*4* 7* 7*) in f in i te  s e r ie s  i n  the
oc
q = q + Knq •* wfq ■+hn3Q ■*• • * • • • s ^ '.‘ W Q **********(l*4*7*ll»)
|» KO V| V2 k3 )-=o r **
where
c|,c^ f f ********** cj, are  function  o f time to  be deieriained, 
and substituting eq. (X*4*7*H«) in to  ©q* ( l .  4X7*7*) . lead s to
L I  +■ R2I mK^  + fl (1 * msin wAt ) H
V^smco^t *•*****•*•• (1*4*7*12*)
Equating the  c o e ff ic ie n ts  o f l ik e  power- o f m in  ©q. (1*4*7*12, ) ,  yi@lds 
the  in f in i t e  s e r ie s  o f ©qsationsi ■
L + R ^  + cj^ o = V| Sinu?+t  , .agreeing*with eq, (1*4*7*8.) • • .
. . . .  . . (i.*t. 7- 13.)
N l, L Q^ + R ^  + a - A ^ ' I W s t  agreeing with eg, (1.4. 7 . 9 . ) - .  .
. . . .  . -(1^-7. 14).
t-sZ, Lq ■*■ RQ + ^c[ , , = ~ •s 'nuJs  ^ agreeing with eg, (1.4.7.10.)-
■* V • • , •  • • <!^-7-,5o
and in  general,
Lq + Rc| ■ + = . “ fl^ . tsintA,5l:-... .................................... (1.4.7.X6 .)
Equation (1,417*16. ) represents an array of linear equations with constant 
coefficients* Therefore, any degree of approximation may be obtained by 
successive integration of these equations.
In the case investigated m i s  much less than 'unity. Therefore, i t  
seems that a solution including only the f ir s t  two terms of the power series 
i s  sufficiently  accurate for the purpose of th is analysis,
- 5 2 .
< \ - % + m % (1 .4 .7 .1 7 .)
Solving eq-aaticsi (1 .4 .7 .1 3 . } tear * gives fo r  the  P. I .
L i + R i  + 'H .  = l /* e JW i* ........................................
where
Q ^  ,s i v\ ( X "  °^«) *1
YO Z
2 a = w* R i + (fl - w / L p
= .  — u **
R- t O?L
,(1*4*7.18.)
(1 .4 .7*19.)
(l*4o7*20.) 
.(1 .4 * 7 .2 1 .)
( see appendix Ho. I l l ,  )
In se r tin g  equation (1.4.7.19* ) in to  the  r ig h t- ' hand side  o f equation 
(1 .4 .7 * 9 .)  and so lv ing  fo r  cj^  # g ives ■
■ ' Vi.
~  Cos [ (C0++Ws) t  f i  -*<* J ■+ COS J ( C 0 ^ ^ s ) t - P z - ^ « » ^
( see appendix Ho, I I I , ) 
where * .
(1*4*7*23.)
t a n  J5i =• r  7 0 4 +0 4 )
R — ( (*)++cos)2~ L
(1 .4 .7 .24 )
t a n g z " -  * ( < * * £ » -
fl -  (ojf-cos)2 L (1 .4 .7 .2 5 .)
Z  ,* = [ fl "  ( w + ^ f L  J1 + R* ( wt +<«4): 
Z j  = [  A -  (W ,-«.)1L f +  R*(Co#- w 4
MtM (1 .4 .7 .2 6 .)
............. .(1 .4 .7 .2 7 .)
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n ,  =  ( l +  “ V u . )
Ha -  ( l  -  ^ U )
M V . ^ )
•  ( &  -  ( ' *  % J
2 WxL
K J
then
V (1 .4 .7 .2 8 .)
f c m ^ i  — i f a n j V * '
n i
The c irc u la tin g  cu rren t in  the in v es tig a te d  c i r c u i t
1 = ci<^ -f m  ^  ^d t  “  dt  * d t
Stem eq, (1.4* 7*18.) we have
gf<fc Vt
d t  ^  R ( I + n jy  
a n d  f r o m  © q ,  ( 1 . 4 . 7 * 2 3 . )
(1. 4. 7. 29* )
s i n  u>*t ■+ Ki3c o 6 w*t J . . . , * , * . , * * * , , . . , , ( 1, 4. 7. 30. )
dq, RVt
d t
wheats
2 R z ^ r r ^
B» s in  (cd^+ws)t .+ B2cos (04 + ^ )  t  + B3 Sin +
B^cosCw^-Wsj i j   ..................(1 .4 .7 .3 1 .)
£,= -
B a -
»■)
( oc,2 + n,2)
n i ( n tr>3 +<*i)
( ^ i + n,2’)
B» = (1 .4 .7.32.)
&H =
r u  ( n ^ n 3 - f ^ )
W  + " t )
Substituting (144.7.30.) ana (1 .4 ,7 ,31.) Into (1.4.7,29.) leafls to
+  T O khT) + B3f  +U  v*R {\ + n l y i
) V2
( 6 l + Bi  + n 3 B i  + n i B H)J' j / l s ' m ( w i t + Y s ) i  s m ( w 4t +tf t )
Expanding by M aom ial and neglecting  tersas ^hich are m uliipH ad by-pcwey 
o f m h igher than  th© f i r s t  , we have.
v*
R(l + nj jv t I + 2 60* R(i + n*) ( 6 m + B2 + n 3 Bi -  h 3 B s)2, •+
V2. ^
( B , + B s + » 3 B *  +  S ' . ) 2-J S i n  (ws t + Y s ) U i n ( w i t + % ) * •  *  * » (1 .4 .7.33.)
’(shares
Q\r C t a n  113 *  2uJ« R
tW A [(B, - 6 3 ) sin Wst +(B2 + 6 M)coSiOst ]
g^ i cosiOs't + (Bi,- Bat) sinuki^j
f 3 =  a t e  t a n  [ ( B- + 6 ^  + B * + b - ) ]
[ (  Bu-  B»)  + M B , - B 3 ) ]
(1.4.7.34)
tt-is the phase angle of the carrier, fs Is  the phase angle by which 
the c irc u la tin g  <&rrent'modulation envelop© lag s  the c&p&cttanca va­
r ia t io n ,  P ar the purpose of th is  a n a ly s is , '"fs ° f  importance*
■ Substituting tne values fo r  Blfr. BA t Bi# and in to  (1,4* 7* 33*) 
and (1*4* 7* 3k)
.**•55*
t =
m n z*i -  z
V (V,l + n,x) n^)’
sm
Sin («<t + ff )  .............(1.4.7.35.)
Ya
(1.4.7. 36.)
<^ **2. + n, n 2
■, neg lecting  e ffe c t  o f nonlinear resonance, we introduce the n a tu ra l 
angular frequency (Jo and Q fac to rs
CO° vTc" 
C -  /fl
Q
60* L 
R
Iasarting thesa terms into equation (1.4.7.35.) ana (1.4.7*36.), gives
| + _ C 1  Q “ L  n».°<o + n , ^  - s m ( c o , t + f s ) 
2 ^  \l(u ?*n n  C ft + n t)
.sin (cOit  + % ) • • • • • • • • • • • • • • a (1*4.7.37.)
f  =  aK  f , n ••
»2»
•...(l*4 .7*58e)
- 5 6 -
wbaie
- t f ]
^  - ( '  -  g f f ]
and r}& as before
The equation (1 .4*7 .37 .) expresses the approximated amplitude -  modulated.
i :t.
c a r r i e r ,  wher© ■
H » ® Q ^    (1.4.7.39.)
a w*1. { { n ^ J X n f T ^ T
i s  the amplitude o f the  mcsdulatlosi envelope*
. For s im p lif ic a tio n , the frequency response o f the amplitude 
c a r r ie r  modulation was represented  as the ra ti©  o f m odulation fa c to r  (M) 
a t  any s ig n a l frequency to  the modulation fa c to r  (M50) a t  1 m  s igna l 
frequency, 50 °/b* ' Then$ according to  equation (1. 4. 7. 39)* we have '■0
M =, W JgL    . . (1 .4 .7 .4 0 )
s «►* i + QC“ »yM. - o
neg lecting  the  r a t io  ©f z li5q/ lo+ as very  sm all.
How, d iv id ing  (1 .4 .7 .3 9 ) by (1 *4*7*40) we have . / " ;
M / _  I n,°o» + n t ^o f i  l  7 L i )yM =  ---------------- .. ..s.—    — •.*«**.« . .*•  V >* .^ #•*§•» /
/M50 2 Q (w*yw.- l )  v 7 ^ F * P T C n F + ^ j :
- 5 7 -
/&£ * 0  was chosen m 'that' a t  
which' th e ' d le leo tv io  am plifie r a t t a in s .'.maximum g a in , fo r  a given ’ c ircu it  
quality, factor* To f in d  th is  v a lu e , the f i r s t  derivative o f w i t h  
re sp ec t t o  ( ~ * ) I s ®©t equal to  zero, giving?
fco^/ - I )  _  1 ± y r ^  V ;
(see appendix Bo#III)#
■ From . tM s  equasii on i t . follow s ■ t h a t . th ere  a re  ■ two po in ts  o f  
operation  fo r  a  given Q,where M^q a t ta in s  maximua#; One w il l  be fo r; a  
c i r c u i t  n a tu ra l frequency h igher than  the c a r r ie r  frequency and th e ' 
o ther fo r  a  n a tu ra l frequency low er..than 'the oa r r i e r« ; . coret ' there ' 
i s  a  180- degree phase s h i f t  between the modulation envelopes fo r  c i r c u i t  
operation  a t  each- o f these two poin ts,, bu t th e  r a t i o  remains the
same fo r  e i th e r  points# This was experim entally  corroborated#
-. lh  Fig,' 1,4#7#5# are Bhmm the modulation amplitude characte­
r i s t i c s  ca lcu la ted  accor ding to  equation. (1.4#7#41) and (1.4*7*42) fo r  
sev e ra l c i r c u i t  q u a lity  f a c to r s ,  Q# The a n a ly tic a l r e s u l ts  were checked 
by experim ental measurements, which were made a t  constant c a r r ie r  frequent 
cy and v a rices  s ig n a l frequencies, fo r  a  given q u a lity  factor-, Q» The 
procedure fo r  these measurements was described i n  appendix So# in #
The do tted  curves shown i n  Fig," 1 #4# 7 .5  were obtained m  the b a s is  o f 
the  experim ental data# Fzm  Fig# 1#4#7#3 i s  seen th a t  i f  the -signal f re q -
1*
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©ncy i s  re la t iv e ly  low i a  comparison with the c a r r ie r  frequency* tbs 
. modulation am plitude: keeps & c o n s ta n t: value, Hbmnrer* as the s ig n a l 
. frequency a t ta in s  seme fra c tio n  o f  the c a r r ie r  frequency* the  amplitude 
modulation decreases, .
_ the. drop o f  amplitude modulation a t , h igher s ig n a l frequency,
. i t .seems, i s  because th e  c irc u la tin g  c u rre n t . i n . th e . c a r r ie r  loop i s  no 
longer a b le , to  follow  the v a ria tio n s  i n  tuning . and th e re fo re , the  c a r r ie r  
cu rren t modulation must d e c e a se  i n  amplitude and f a l l  behind the  oapa- 
. c itanoa v a r ia tio n  ( o r  s ig n a l ) in  phase, . In  a high Q tuned c ir c u i t  
: the  energy s to red  i s  la rg e  compared with, the @ nargy d iss ip a ted , , If the 
modulating voltage, r e  qu ires a  la r g e d ia n g e o f  s to red  en©rgy?th© c ire u la -  
. t in g  current,, w il l  n o t . b e ' capable o f d iss ip a tin g  the  _ excess. energy o r 
. .the source w ill'no t,' be, capable o f supplying, the  deficients energy during 
;,a f m  cycles, o f „ the.' c irc u la tin g  c u rre n t, Thus/the. cu rren t cannot achieve 
. ' i t s  steady  s ta te  value* I f  the  modulating frequency i s  low the cu rren t 
.has .su ffla le ftt time, per ey&L© .to ,achieve i t s .  steady  s ta te  value.
I f  the c i r c u i t  factor , Q, i s  h ig h e r, tha range o f f la tn e s s  
o f the  modulation c h arac te r!s t i os i s  sm aller. Since as the  Q i s  h ig h er, 
the energy storage is . h ig h e r, needing a  longer time to  d iss ip a te  the 
.' energy and hence the  amplitude w ill  f a l l  a t  a  lower signal frequency,
' In  f ig ,  1,4* 7*4. are shown the modulation phase s h i f t  oharao* 
' t e r is t ic s  calcu la ted  according to  equation (1,4*7# 33) f o r  severa l c i r c u i t  
. q u a lity  fac to rs , Q# These c h a ra c te r is tic s  rep resen t the phase angle )
—q1«*
between. the  cirout& ting cu rran t modulation envelops end the  c i r c u i t -  
■ capacitance modulation ( C as 4  function  o f the r a t io  ©f s lg n a l- io -
■ c a r r ie r  f^ sp en ey . - J&'cea r e s u l ts  presented i t  fo lios® : th a t  • fo r  h igher Q
■ c ir c u i t  k the  phase: s h i f t  increases a t  a  low er' s i^ ia l  frequenoy* t h i s : ; 
foilXom in  a  manner s im ila r : to  th e  Taxi a t ion o f ; amplitude modulation*. .
\  C&qparing. the  r e s u l ts  presented in  H g .1 .4 .7 * 3  and Fig.1.4* 
7*4* i t  follow s th a t  the f la tn e s s  o f the  modulation. c h a ra c te r is tic s  
occur over a  wider range- of ra tio '' o f s i^ a a l to  c a r r ie r ' tm q m m f  than . 
th e  f la tn e s s  o f the phase.curves fo r  the  same c ir c u i t  qm&Xityfactor.
As. can he seen from 1 *4 *7 *3  th e re  i s  some d is c re p a n c y , 
between the a n a ly tic a l and e x p e r im e n ta l curves o f the  modulation charac­
t e r i s t i c s .  I t  seems, th a t  th i s  i s  due to  the approximations which are 
in t ro d u c e d  t o  th e  re p re s e n te d  analysis* She dev ia tion  o f  the experimen­
t a l  from a n a ly tic a l po in ts was fo u n d  to  be o f th e  " - o r d e r ' o f to  d .p e r
cent* ■•; ■ - : ' -
' .^ Vom © tpatim  (1 .4 .7 * 0 #  (l*4*7«39)*(l#4*7»42) i t  appears
th a t  the amplitude modulated c a r r ie r  i s  d e te rm in e d  b y  th e  following
fa c to rs .
1* ) A e th e r  the c a r r ie r  I s  above or below resonance of 
the tank c i r c u i t  '(so# e§*: (1*4.7*42). .
2 . ) the p o la r i ty  of the b ia s  voltage on the ,non linear 
capacitor... (see © ^ (l* 4 .7 .6 )  and (1*4.39)* The change
o f the b ia s  voltage p o la r i ty  changes the sign  o f M.
- 6 2 -
H g , 1,4 ,7. 5* Th® e ffe c t of a signal voltage on the modulated carrier, 
V . Effect of the s ig n a l frequeoy s
a.
Ws/wf = 0 -028 .
- 0 - 0 4 5 .
b.
Q = 2 9 ;
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I t  follows that the amplitude modulated carrier can be reversed by a
reversal of any of these factors. This was experimentally verified .
is
In Fig. 1*4.7.5Ashown the effect of a modulation voltage on 
the envelope of the ca rrie r output. The oscillograms represented in  
H g. .1.4*7.5 a,1 o,c,d , show the effect of the ra tio  of signal to  ca rrie r 
frequency on the amplitude of ca rrie r envelope. These oscillograms were: 
made for the d ie lec tric  amplifier c ircu it , whose quality factor was 
Q = 29. As can be seen from these oscillograms, flan very low ra tio  of 
signal to  ca rrie r frequency up to  ^ /u^*0,01 the amount of modulation 
i s  independent of ther signal frequency. For lower ra tio  than °'°l
i s  observed the rapid decrease of amplitude modulated carrier*
The variations of amplitude modulation as a function of the 
signal voltage strengths for a number of specimens were examined.
The experiment was conducted a t fixed magnitude of biasing voltage,
Eq = 0.25 Mv/m, and ca rrie r voltage, E  ^ = 0.0 hh Mv/m. Changing the 
signal voltage in  a wide range, the percentage of amplitude modulation 
was calculated from the modulated wave wich appeared on the screen of 
a cathode ray oscillograph* The procedure of these measurements is  
described in  appendix Ho*III.
The re su lts  of measurements are shown in  H g, 1.4.7*6 
where the percentage of amplitude modulation is  plotted as a function 
of the voltage strength signal. As can be seen from resu lts  obtained,
X
the shape of the modulation curves i s  dependent on the composition
Eig« 1#4» 7*7* Oscillograms of the amplitude -  modulated wave for 
a number of the signal strengths.
Sample, 70.5 % BaTiO  ^ + 29.5 % SrTiO^
Bias E =0.25 Mr/m.
Signal frequency 1 k c /se
Carrier frequency f  = 70 kc/s. | E =* 0, CMf- Mv/m*
a), signal strength E = 0.005 Mv/m.
%  1 .4 .7 .6 ,  VARIATION OP AMPLITUDE MODULATION AS A FUN­
CTION OP INPUT VOLTAGE
1 -  70.5 % BaTi03 + 29.5 % SrTi03
2 -  77 % BaT103 + 23 % BaZr03
3 -  86.5 % B a T i O ,  ♦ 13,5 % B a S n O ,
0 o
9o
do
60
50
TempBratura (t
Signal frsquooy 1 ko/
B ias 0.25 V^ r/ia.
Tc- Cl r i e  11 mper.3 0
20
10
001 0*01
INPUT
o f  f e r ro e le c tr ic  m ateria ls  used, i n  the e x p e r to n t , 2ha composition 
( 70*5. % BaTiOjj 4* 29*5 |« SrSiO^) exh ib ited  the la rg e s t  ra ta  o f  change ■
• o f  .mmz-iftm  m ato ria l: in v es tig a ted . Hi# E m *
a ^ i t j  o f  modulation i s  also. dapendm t ©si the conpositim  o f  f p r fo i le c t r io  
m a te ria ls , ilia l in e a r ' re la tio n sh ip  between modulation, aM  the signa l ; 
S t e s i^ a  w  e x h i b i t s  by « * .  ia o q w d tlm  of 70.5 f  M ttO j + 29.5,5 S r li0 3 
. and p a r t ly  by the  ceras&e 77 ^  BafiO j 4-; 29 #  Ba&rOj, ^o r b iipier s ig n a l 
s tre n g th s ,  m a te ria ls  (77.$  BafiOj .♦. 23 % B&^rOj)..’a a i X s € , 5 ' ♦ 
13.5. $  Ba^aO^) exh ib ited  l&rgar l in e s r i i y  than the compos!tica o f :
(70.5 $  BaTi0j. ^,,29»5,.^ SWCipj)*. t h i s  bbserY&ticai m y  be o f importance 
in  the se le c tio n  o f a su itab le  f e m & le c tr lo  m ateria l i n  the p a r t ic u la r  
ato@9. o f a .imalti^stage ai© l© etri0 ;am p lifie r. H aaelj^ i t  eeoHis, th a t  the 
■ oorsasi© ( 70.3 $  BafiOj 4 29.5 SrTiQj) i s  su itab le  fo r  the f i r s t  
stage  of. an  am plifier*  whila the composition (7? $ , 8affli0j  .♦ 23 #  Ba2rO3) 
o r  (86.5 $  BaSi03 * 13*5. $. BaShO^) fo r  f a r th e r  stages .
. A ll the  in v es tig a ted  ©eras&cs were. prepared xmB&r the  same 
conditions ( s in te r in g  temp. 1570*8 ,  1 h r ,) ' and.from the s im ila r  q u a lity  
■of • ;^ ie ; r ^ r  s a a ttr ia ls , :
C H A P T E R  II.
Approximate ana ly sis  o f d ie la o tr io  am plifie r c i r s u i t s ,
; "\
2. 1. Introduction,
2, 2 , S eries . ©ad par&Xisl coansotioa ©f di©X@Giri®
©iapXi£i©r, ■; ■.;•■'■
2, %  /  Analysis ©f do, fiieleotri©  am plifier circuit*
2, 4 , A m lysis ©f a©, dl«Xeetri© ©mplifier c irc u it,
2, 5, Cascaded dieXactrX© am plifier,
2 . , 6, • C arrier supply.
■ 2,2# Introduction# -
B© ona ind iv idua l can be c red ited  w ith the inven tion  o f th e  , 
d ie le c t r ic  am p lifie r, The inheren t nonlinear c h a ra c te r is tic s  - of c e r ta in  
fe rro e le e tr io s  n a tu ra lly  .so.ggaste'd th e i r  pas© in  an am plifie r,
■ C irc u itry  o f a  d ie le c tr ic  am plifie r i s  b a se d .o a th s  .techniques 
used in  magnetic and tub® equipment developed a t  p resen t,
Act exact mathematical analy sis  o f  d ie le c tr ic  am plifie r c ir c u i ts  
i s  very d i f f ic u l t  because of the presence o f the double valued, nonlinear 
re la tio n sh ip  between charge and the voltage across the nonlinear con* 
denser* . ' . / ’ m
During the course o f , stu3y a  number o f , an a n a ly tic a l represents*  
tio n s  o f operation o f d ie le c t r ic  am plifie r c i r c u i t s . ©ere tried*  Two of 
these ©re presented in  th is , section , T w o'circu its were considered ' ona „ 
m  a rough idea  o f d esign .o f a  do,, am p lifie r and the o ther as ac, am pli* '■ 
f i e r .  In  the f i r s t  case* m  approximate an a ly sis  .oa' an analogy between 
the  vacuum tried® tube’ ©M simple d ie le c t r ic  am plifier' was used* assuming . 
© number o f ©pproximatiens* The ' de, am plifie r considered here i s  analy­
sed on the b as is  o f m  increm ental change' o f  dc, inpu t voltage* The ana* ; 
ly s ia  i s  ca rr ied  out on the condition  t h a t ' t h e ' s igna l ’(inpu t) voltage, 
changes ar@ sm all i n  comparison w ith b iasing  voltage Yq. The ae, d ie le c tr ic  
©mpliHfi@r I s  considered her® as a  type ©f’p a ra l le l  resonant c irc u it*  
and dc, am p lifie r as a  s e r ie s  resonant c irc u it, '' '
.mjfam
2.2. Series and p a ra l le l  c i r c u i ts  of d ie le c tr ic  
am p lifie rs .
Considering the  d ie le c tr ic  am plifie r from i t s  c ir c u itry  
po in t of view , i t  seems to  be necessary to  divide the non-resonance and 
resonance type of am plifier in to :
* a) s e r ie s  connected d ie le c tr ic  am plifier
b) p a ra l le l  connected * »
ana
In  the f i r s t  ease the nonlinear condenser (o r condensers), 
the load and power supply are connected in  se r ie s  and in  the o ther a l l  
th ree  are in  p a ra l le l .  In  J ig .2 .2 . are shown schem atically these two 
cerm ections.
f
input nm
i_____
m  c „
□
load input
ac- source.
Llli On QC.
Source loacl.
Series connected ' P a ra lle l  connected
d ie le c tr ic  am plifie r. d ie le c tr ic  am plifie r(
Pig, 2 .2 .1 . S eries and p a ra l le l  connected d ie le c tr ic  am plifier.
fhi© finds a  ^fcs&lfiieal&ea in  t o  f a c t ,. ©n'tM
tjjf$a o f e#a£M etto| t o  ac» © « m  propsriee ■
{©a# i w t t e i  £•£•)*' Of ecmrst, IM  M l i  of' lias a in f in ite
osi o f t o  i i t la a tid ®  amplifies*# t o  p « < *
2M1 %ps ‘.of eo&aa f e  w  p m ^ ie a to  t o n  t o  s a r to  » . i  ..'
t o  to  t o  po n ^ iM lit|r  «*£ a t t a i n ^  & Mgtiss? gMm a©i a la s  t o  to. t o  
«a®$ o f  saaMilftg to 'b o th  t o  && I d ^  boosqo* (009 s a o t im
#•£)*
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DO*... D ie le c tr ic  Amplifier*'
2,2*1 ’Gdneral«
. T© p red ic t th e  . behaviour., o f  a  d ie le c t r ic  _ am plifie r c i r c u i t  
ac ting  as a dc* am plifier the analogy w ith the 'va lve ' am plifie r was 
used*  ' : ‘ ;
I ^dOOi
-  L*-i
»o . an
L
v .  J ) k A *Vl . Z l
 0 >
A
. V+
Cont ro l  loop. Carr ie r  loop
m g,. 2. 2*1*
Simple c i r c u i t  o f  a  
d ie le c t r ic  amplifier*
where*
y>. *
L i-
Cj
A
y« *
*£ *-
VL m
do, control voltage* ; 
blooking .inductance*;. , -
blocking condenser* .
h e , .  ■■"
..vector. ofAvoltage.'.'across the
nonlinear condenser*, 
vector o f circulating curren t 
in .the  ca rrie r loop* . ;.
. vector .of,- ac, supply., volt age ? i t  i s  
maintained a t a constant value* 
vector, of .voltage acgross the load
. . #»72<i#' "
A  A  . '
Zn *■ and zl -  vecto r o f the nonlinear'
condenser load impedance 
respectively!, .
The simple d i e l e c t r i c ' am p lifie r c i r c u i t ,  shown in  Fig. 2 .2 ,1 . 
i s  divided in to  co n tro l and c a r r ie r  loops*. How, i f  the con tro l c i r c u i t  
i s  s u f f ic ie n tly  iso la te d  f r m  the c a r r ie r  cu rren ts  , then  an analogy 
may he mad® between the  p rinc ipa l operation o f a d ie le c t r ic  and valve 
tried®- am plifiers* Of course* in  the c ir c u i t ry  o f those two am plifiers 
there  are many d iffe ra n d e s#  On© of these- i s  th a t  the supply, in  the 
valve am plifie r i s  a  do source and in  the' d ie le c t r ic  am plifier, an ac*
■ source* Therefore * ft* the supply c ir c u i ts  ©f both the  am plifiers 
should b® analysed in  a  d if fe re n t manner* In  the d ie le c tr ic  am p lifie r, 
the magnitudes l a  the c a r r ie r  loop Mist be considered as vecto r values* 
•Hew* i f  a  sm all change of co n tro l voltage <^° i s  made then 
the c a r r ie r  c irc u la tin g /c u rre n t vecto r w ill  change by a small vecto r 
amount, * This small increment of the c irc u la tin g  curren t vector
y\
causes a change of voltage drop in  the load impedance Zu.  . ... .
I f  the component® o f the c i r c u i t  are favourably chosen*..then- 
the  change in  voltage drop across the load w ill  be la rg e r  than the 
changes o f voltage in. the con tro l c irc u it , and a voltage gain  i s  ob ta i­
ned*
2 .2 .2  If online a r  Condenser c o e ff ic ie n ts .
Th® cu rren t th rough .tl^  nonlinear condenser i s  depend©nt m  
the vo ltages applied to  i t |  th a t  i s  . '
j  = f ( Vo , v , ) .  ■■ ■ • - • .
whares
; ' Vq '>'-• do. c o n tro l■ ifoltag® v;
  A
Va . ~ &o. supply voltage vecto r.
. : . i f t h e ;  voltage Taf- i s  maintained constant while the con tro l
voltage changes fey a  small amount, then the change- o f th© c irc u la tin g  
cu rran t through th© nonlinear condenser w il l  be
. . .  . . . . . .  . . . .  < - ^ 1 -
or ^
. Shis p a r t ic u la r  . - d e riva tive  expresses th© ra te  o f change o f 
th© cu rren t w ith resp ec t to  co n tro l vo ltage. Since i t  i s  the r a t io  of 
& cu rren t change- to  a voltage change i t  i s ,  in  a  sense, a  conductance. 
' By analogyt®  a vacuum .tab© th is  was markedly
,  %  s  • '  * ; ,  • . • •
• Again* I f  the con tro l voltage i s  held  constant and Vn i s  varied  fey
a  small amount, then
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• * » • « * •  < « • . ^2. '
Vo Consfawt-
..3Ms particu la r- d e riv a tio n  expresses admittance o f the nonlinear ■ 
condenser m m  a t  c a r r ie r  frequency. l e t  i t  w il l  be marked t*
_ L . i l  = - ^ 1
Zn > “  Oft.
■ ■ ■ ■ • .  ■ - - ' ■
How,: i f  the c o n tro l . voltage f Y0» and Yn v a ry , siisultaneously the to ta l
d ifferen tia l: of current, accoriing.'to -' eq* ( 2 , l ) ,  is ;*
■ S'i
or V V • • • - • • •  ■ ( £ - 6 J-
01 ,v, Oj'v  c-i. JJ f,/ VJ o.O
: ; S i  ~  qv. Oftki
'Shis .approximation s ta tes  .that .with, simnltaneaisly smallchanges 
in  the two independent variables the. to ta l current change i s  the. sun 
©f the increments due to  the control end ca rrie r  voltage change across 
the imiHnear'; condenser, considered separately#. , : ; . :
■ S ubstitu ting '(2*3) md (2*5); in to  (2,1) leads to  '
SI = §nSV. + i sv n ■ M
I t  m  ■ suppose th a t . Y0 mid Yn vary so tha t I . remains, constant # then
%.SV. + %sv» • o
givings* . : ■ /i - ' .
i h -  = - q  - Z M . .  . . . . . . . . . .  C2-8-J.
Vo J w \
B it in  th s  l im it  as J  Ko approaches zaro
^ o h
/ *  ~  0 Vi
Hence J con&t(vwt-
. ( M J
S his 'th ird  coefficient of the nonlinear condenser I s  named voltage 
am plificati on factor.
fhe ©hove th ree  c o e f f ic ie n ts ,  ^ ^  and yw define the behaviour 
©f a  nonlinear condenser 'a t one p a ir  ©f values o f ?0 and . : ,....;
2*2*3* - E quivalen t. c i r c u i t  o f a simple d ie ie c tr iC ' am plifier*. .-
: Having estab lished  the  p re v io u s d if fe re n t©1 re la tio n sh ip s  between
** A A
^0» Vn# a n d y n  ■ i t  i s  .now'possible "to- determine the operation, o f  J ,
the c i r c u i t  Bfoam in  .Mg« 2*1
; :- ' ‘\ :Le tus  'w rite  dem  equation (2*7)* \
S I  * ;+
A  ';.■:•■■ •.•■'• : :'■"■•■ ■ 1 t. ' :  ■ ;': ! . ■ • ; •' V - : .:■■■•'■■■: -;v : ;
. But*1 since * co n stan t, then  ;
/'■ .. ■ lA. ' ' ■ ' ' A *
, $(?„ -  - Z J I
■ Hence ■ "
. . V A ■ • ' ■ ' ' - ' -' J : ■ '. ' " ' . '' .L ' ' '
-■ S o lv iiig fo r  S i  t  g ives - - v
—  t i + f r r  Sv‘ =  (2" )o r * 2l + jl
S i  = - A - r  Sv. ■ ■ ■ • • • ■ ‘ <*•'*•)
. fh ie s  equation (2*12) suggests th a t  the change of . c irc u la tin g  c a r r ie r  cu rren t 
.' £ I :■* i s  th a tV h ic h  would have 'been ;caused:l by ft generator w ith .on ■ '
. in te rn a l  electrom otive force /w/Vo , an in te rn a l  'impedance ZM and a 
s load impedance . Z L, Equation (2*12) defines .the re la tio n sh ip ' between the
- 7 6 -
ccsspiex q u a n titie s  in  the equivalent c ir c u i t ,  H g , 2 ,2 ,2 a , shows ©a 
equivalen t c i r c u i t  ■ fo r  a  nonlinear condenser operating as a  simple 
d ie le c tr ic  a m p lifie r , u t i l i s in g  m  equivalent voltage generator, .
. In  any l i te r a tu r e  on e le c t r ic a l  c ircu its., i t  i s  showa th a t  a 
voltage source w ith in te rn a l  s e r ie s  impedance may be replaced by a  
cu rren t source w ith .an  equal shunt impedance,  and th a t .th e  source 
cu rren t th e n .is  the r a t io  o f the source electrom otive force to  the ■ 
In te rn a l impedance, The equivalent .c irc u it fu r  a  nonlinear condenser 
comprising a  cu rren t source i s  there fo re  .-that shown in .f ig ,  2 ,2 ,2b , ,  
where the cu rren t change has the value .
i l
<* /H 5 V0
T "
z, 9  cSVotjm
JkkE.lt
Zn»K,-jX„
Z ^ + J X i.
i  i
JL 1
O s ? = § ^ v a
1 T 1
%"3«+Jbn
Voltage source b ) Current scores
Vig, 2 ,2 ,2 ,- .. ' Equivalent c i r c u i t s 'f o r  a  ...nonlinear condenser f a r  
d ie le c tr ic  am plifie r op e ra tic^ , ."-'
#*5T7W
i , iyhi aM t / ' i -
a s  i t  s t e m  i n  H g *  2 # 2 . J ,
hjotNP*.
n o n lin e a rity  of. the d ieX ectrio  m ateria l. 
S u b s titu tin g  ( 2 .1 3 .)  in to  ( 2* 1 4 ,), g ives
’/ a  $inVj ( a <^ 0 J *  Vo '+; H, s in  tot*'5c
Henas ■ '
I/ 1 r C Vo + \4 iS  m  c o t ) q,  1-.. <}4 =■ ^ a h C i in h  [ * s> J .  (2.15)
T k s ra fo r a ,  tb s  n o  -  le a d  c u r r a n t  i a  th a  c i r c u i t  sbcsm i a  ,E ig . 2 .2 .3 .  > 
u d l l t w
L = — - ^ C05t<)f . -  . . . . . . .  (2. 16)
0 clt \/ S* •+ C Vo •+ VftS.W W* ) Z
M s  expression  g ives the re la tio n sh ip  betw een th e  voltage across the 
non linear condenser m i  cu rren t flossing, through i t*  I t  i s  thus easy to  
f in d  the th ree  d ia r& c te ris tio  c o e ff ic ie n ts  I I , l ^ MI . and • 
Xn th e  previous section ' o f  th i s  chapter th e  .v e c to ria l magnitude ©f ^  ■ 
was defined* 2&s magnitude o f according to  the  re la t io n  (2*3*), and 
(2*1.5) W ill U $ ■
n OL OO-ot VhSmwyo)6u;t
9 . = m  -  -  [a>( v» ^ inut ) ^ Yk ' * ;  • r  ; 2 , 1 7 J . ,
How, m  assuming a equ ivalen t sinuso ida l wave © f <j '. and fo r  i t  
we fin d  average and r.ra*s* value. o f , : : <)** ..■ .■
The average value o f ^  over the  rang# o f  .;, -  j^ c^o i s  + H/ * t*
s e t t in g ,
< u
5  Sin cot
d y  =
y
to C ObC*t o t t
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The equivalent r.m .s. value of i s
q — ^  f 1 _ _!  ^ (p 22 )
Jm 2/21 g, \ . . oC J
The second c h a ra c te r is t ic  c o e ff ic ie n t u i s  given by d e fin itio n  as
u = i i _
Jft )^Vn
According to  equation (2 .5 ,)  tjn i s
11 _  c<; co s  f  So1- +  c f  (Vb + V* siv»wt)J , *
- 'w [ S *  +  a*"(Vo + 2>in U}f  ) z j  /z
The equivalent mean value of 1 u | in  the range of - J200 to  + r/i<* i s
T/2«
[% )av ^ J T ~ j  1  (2 . 24. )
Fosir s e ttin g
I j s  s i n c o t  
chj == Cocoscotdt
and in troducing to  (2. 23) ©nd (2 .2 4 .) leads to
+ l
_  u  . j  [ » ? + < m v t - n . 3 ) ] dH      . . ( 2. 25. )
*  I  [S.t  +  a 1 ( V . + K , l j ) t ] 5/i 
Now so ttin g  J ~
gives
A s  * V* y
d A S. Vii d
V«» +l'M Vo + H»
a,1 A d A• (  U \ — I d.A op I a? Vo A  «A
^ J » j a v " “ 7T Vr, ( & +o>'A'‘ )*/2. + T w T  /  ( S o + a 1A1 ) 3/2
S etting  again /o V° ^
Cl A — So tan 0
ctdA s  s * s e c l e d e
TiaVn
Vo + Vn
60Va I 6i  vidcld
H So V*n
Vq "Vm Vo-VL
Vb •+ Vn
U) A Co Vo I
71 V„ \/ +  a'-A*- ‘ Vo-^ m tfv v V s£ ■+ a'-X*
V*+Vn
Vo-VH
l«et, m  befora
cC a  (Vo+V^ w) + ( /<*) , jS s  (VG-V'h) I 7a
than
III - w.[a ;  f  ( V . + O  '' ( V o - v n)<X j*
-  / - L  .  J _
fra ( <* £ )
(2. 27)
i^@@qiiivaX©ni r*©.s# v&lus ©f 1^1 ts
l|  -/'-L. + -L-") .. .. ...» .
Jn 2 / 2  0. \ <* f  /
smgssituds yni &G©or&ifig to  ( 2*10)>(2.22)
aM ;(2 .2 ? ) i s -
cX -  p /U =. --------/  •:, ' B ■ Ol + P
(2.28)
iVaa (2. 22) , ( 2, 27) and (2 .28) i t  f o l lo w  th a t  th s ntagnitudoa an3
l ywi ara  dspandaat m  c a r r ie r  fF®qmmy9 b u t j\a i s  isdapandant o f
*» 8 2
IVaa the  r e la t io n  (2,28*) a  value o f V© a m  ba found a t  mhioh 
the  a&soituiSa yw a tta in s  a  masciraa value* Ifes ly *  1^1 a t ta in s  a  masd*
w  .-.»■■.■■
= 0
d V'o
According to  (2#28*) and (2#29 ) i s
d l/v»i _  +  4 1 - ) "  7 ^ )
<5 —Ooi
( * +£)  Z
th e re fo re  di>i _ 0 i f
dVc,
a ^ !L  __ o( =  0J 6  d v b  *  dvG
©M in troducing  the  values fo r  <*r and j j  . leads, to  , , , f , ■* 'vh ■'■> 
( » . l +  ( V . - V - ) 1 ]  ( V o  + V B) =  [ ( % ) * + ( V .  t - V , . ) 2 ]  {Vo-Vn)
n?hldh gives
H * ) 1 =  Vo1 -  Vn v , W
Let-VV/bs tho ir itoro f ? 0 wliich satisfies, th is .: ■. , ■.
Than ,  = ( s"/ajl + V„4 . .............................  . , . ( 2 .2 9 . )
thftrofcv*, ywi attains a  iaaxiMi value a t -
=(>1a)z + v t
and i t s  value i s
• ■ ' ' - ■  ; “ 4 ' ■ • • • - i - . r - ■-
** S3 **
■2,2*5#'■ Voltage gain* :
. ■;, The voltage ga in  o f m  a s p l l f i e r ' i s  defined' as the ra ti®  o f  the
, e ffe c tiv e  values o f . th© output and inpu t vo ltages. , ,;
Let SVil be th© e ffe c tiv e  increment ©f the  load voltage Vi ,
A
i n  phase w ith  Vfc ,  corresponding t® th© complex load change 6 Vi cau­
sed b y 'th e  con tro l v c liag ^ . Incresmnt -• ; * Thanth® voltage gain  w il l
!b e sgivefc'by* *e-‘
Gv =
S \l
sv„
<*»«**•*•# ****•• • •## (2 ,  31*)
In  th© ©as© o f th® d ie lo e tx io  am plifie r c i r c u i t  sham  i n  l i g ,  
2,2*1* I th© load voltage vecto r change 'i s  given by
jV l - ~ ~2hc5I
fha v ec to r diagram fo r  th e  load vo ltages i s  shown halo? - >
f ig ,  2,2,2* Vector diagram fo r  load voltage ,
■ The increment v ec to r o f the  load  v o l t  &g®' : <$ Vl ' i s  out o f phase 
w ith  the  load v ec to r vcflLtag© : VL sino® th® iinpsdano® of the  nonlinear
condenser I s  ft function  of the signalvoX tage*
Wrm t h s ^ G p ; . ^ ® ?  diagram,; I t  follows th a t  the load voltage in~
'g rss& ftt; ;<5vJ ::lf£':giveii .by’ - -i i. v--'  ^ r-- s. - -
— f VL 5 VLI I Vt. 1 .
t o d .  I f  , . | V t | »  i J V t t  , -  V;
thoa  i y t, ‘a t | i ^ | c o s * '  ■
Applying a  su itab le  approsdmaticsi i t  i s  possib le  to  f in d  in  tlm  r e la ­
tio n sh ip  between . Jjn ©id' *ju , ©ad to  determine SVu #. Butt  th i s  ©ingle
c ir c u i t  ( H g , 2.2,1*) has mai^ r dis&dvaniages corapared w ith  a push-pull '
■ :' (5;
arrangement, which rep resen ts  a  more p ra c t ic a l  d ie le c tr ic  am plifie r than  
the  former one, Therefore # the  voltage g a la  w il l  fee considered fo r  the  push 
p u l l  c i r c u i t  &hwm in  fig*  2#2# 3# ;
C2
2<fY.
9 ^
Fig . 2 .2 ,3 . T h aa re tic s l c i r c u i t  o f a push-pu ll d ie lec trics e sp H fie r . 
Shara, :
Cn-  tb a ; nonlinaar oosaenssr.
G t a n d  t Oa ♦  b lo c k in g  c o n d e n s e r s  * <J, *■ G ^  On. -r 
.'. , ®*$., Wocfldng inductanod *
9 .. 2 'Z L *>'lea d is^ d a n ee  * : ” .
,g,,:,:..-. M as 'v s^ ta^ :
• -increment of do, voltage, sirmXating do* signal * 
26%u -load Voltage incremental .
%t" -  vector o f carrier ;v©ltags *
ABOD -  ca rrie r  bridge circuit* ■ .
Assusing th a t the ca rrie r  currants are iso lated  freia the control loops 
and the ca rr ie r  bridge c irc u it ABOB i s  b a lk ed  when % »  0* then for tbs
- . . -i
c irc u it sbown in  Hg* 2.2*3* i s
1 —- j^Vll *#•**♦#*••**•***(2*32*)
la  tlda  cass tha magaitate o f  the load voltage laafeaast JVL i s  equal
■ to  tbs absolmtc value o f the vd taga  change across the load. Therefore f  
tbs voltagt gain for the push- p u ll c ir cu it  shown in  J ig , 2*2*3. I s  ^.von
- Introducing th is into (2 ,32) and taking the modulus of ©11 tbs
values, ym ©Main the expression for voltage gain in  tbs forms
A
 ^ =  /  l3wl - T  . . . . . . .  (2 .5 .)
/c g .+ s .^ + C b .-b O
. This expression ©an be obtained la  m  approximated form, assuming' 
tha t the ■ equivalent conductance of the nonlinear condenser i s  small 
C leared  with i t s  susceptance t*e* gn<< b n
■ ■ : ' ■ ■ .  a  : ' y  • "■_'
therefore I y j  «  b M
Satting Qn =  b"/oB = '/t«n^ . . . . . .  .(2 .35)
and Introducing th is  in to  (2,34-) leads to  an approximate value' of 
vcltage'ga3n';;9'
C, 1.^ 1 a » .  . . . . > <2.35)
2,2 ,6 , ■ :; ■ Tim best em ditlon fo r voltage gain.
I t  i s  clear frca equation (2,34} and (2,3^) that to  a tta in  a 
large gain bh — b k . ’
should be v e rj small* This condition map* be sa tisfied  hy the resonant 
circuit* Haasly, a t  resonance i s -  r
.... ■ b n - b u =  0  ................... (2.37)
■ .
The voltage- gaim in  th is  -ease (seee^2*3k-m dv36)' \
U J  _ !/&! Q* ; : ; ,  .  .  (2.38)
”  c * -  3l/9« v
F a th e r , the voltage/gain may be increased by, using an output step  
up transformer* Furthermore , f£ m  (2*37) i t  follow s that tbs g a in sa y  
be raised apparently, when.
C^  = O oi- R u = ~ c  * * * * .  * (2*39)
But, p ractica lly  th is  condition cm  hot he fu l f i l le d  completely, 
due to  the existence o f the transf om er. and r e c tif ica tio n  lo sse s .
The voltage gain corresponding to  the,conditions (2 ,37) . 
and (2*39) i s  discussed in  the next section*
•8S**
2.2*7* Load connected v ia  output transformer.
The condition o f (2 .37) may bo e a s ily  fu lfilled , by using an 
output transformer. Now* l e t  us consider the. c ircu it of the d ie le c tr ic  
am plifier shown Big* 2.2.4& .f in  which the load 2 Rl i s  connected v ia  
a transformer. In Big. 2 .2 .4b . i s  shown the practical equivalent c ir ­
cu it of the d ie le c tr ic  amplifier represented by Big. 2 .2 .4a .
A
V*
<3D;
c „ n n
Tr. ,n.j .
— •'tfZJTOTO'*— VVW'— i
i
ii
i
j
!
!i
M
Big. 2 .2 .4 . Push m p u ll c ircu it o f a d ie le c tr ic  amplifier (a ) ,  and
i t s  practical equivalent c ir cu it  (b ).
* ©guivaXsnt Voltage source* ■■'■■
~ J /(J C n  impedance o f . V m  noriXtoar ocaadonsor, 
core V l o s s  oqMr&Loiit se r ie s  rsMsstance*.. : 
do* resistance o f primary Mnding 
do, * * seooniary;: z*.
Tr ■» step up output transformer, 
a  b " S .  ra tio  o f Essaonasay to  primary taras. *
• *n /se ries  egtaivaXont loss resls tssos of. the nonlinear
. ,;/....gY. . ©ondsnsey*,
. a^sistsnos*. . .
M * miiiaX induotams* ■.. _
■ U, *. leakaga inductance of prlmary winairtgs,
- U 2. - ■•;=.■ * ; * ..;/ / * secondary *
L ii55 Li // primary:luduetanoe...
L2» secondary inductance,
L3/ L ^  * Jjlosk iiif _ iztiuotasaoss*
C i / Q *  ..bied&ng o<38adsassrsf ,. ..
Cm m eapaeliaftos of the nonlinear canclsnsor,
Sty, m : simulating ^ dc* signal incre ardent of input voltage 
Vo* Mao voXtago,;
Vt •* vector of tha c a rr ie r  voltage, 
SVL ~ inoresmezit of load voltage,
: B±nm th e , load -resistkmm 'and the secondary resistance are in  ' 
series they -can he conveniently Im pet-'together 'te  foawt tat effective . 
load 'resistance^ 2rL 2#2*4b i s  shown the theoretical e^uiva-
len t circuit o f fig* 2,2 . 4b reduced'to unit'turns ra tio .
Cl-k)LM;
Jig , 2*2,4c Theorat5,c@l e ^ iv a ls^ t circuit of (2*2#4&) reduced
to  unit turns ratio* ;. .
where* ■ :. aa '; . •
k * coefficieixt o f coupling*
^Distributed capacitances' haw been ta itte d  eecause they are "associ 
' ted with 1 m  re s is tanoed and therefore have small effect a tAcarrie r 
tt^qamo^p used ia  the do*aa^lifler. considered* (see section  3 ..■ )•
We consider a  case,' in  which the ce ils  ©f ^ transformer are wound close 
together^ m  the core *. then- ■
-  9 1 -
the leakage laauotanoe 2(L,,« 1  ) i s  t  ser ie s  inductance i a  the equivalent 
c ircu it  -throu^i which the load current i a  2E most flenr. If' the coupling 
co e ffic ien t i s  defined m
K
M M M
>/ Lu L,k
then the Shunt inductance referred to  the primary i s
M — KL„
and the leakage inductance referred to  fee  primary i s
a a r M j ^ L u d - K ) .
She mesh equations for  the equivalent e ir c o it  eh cm  in  l i g ,  2,2* 4a. ©ay 
be w ritten as
•••••*•*(2*40)*
v f m m
£ .» (z , •h2 j) il |  " za 
0 « ~Z3SI|  ^ ( z 2 +Z $ +ZM )n<Jla
E «  l l ^ U V o  ,
Z, a' (r, +2rh) +zj[(i-k)w L, “ l/wCh]  , 
Z2 = ju?(i-K)Ltl ,
Z3 » rc + j  toK Lii
2-H' =• 2R7 hZ * Vnx'Cn./a..-+
She equations {2 ,40}, by cOT’entional substitution'method, give the 
fcdlcning e g r e ss io n s  for  the second mesh increment of current (referred t© 
primary),
n i l ,  =
e z ;
(z, + z3)(z^+z5^ z 4) - z j
*#***#♦(2,42  }*
or substitu ting the values o f Z, ,  ,  2 j  , 2 4 and B in to  (2 ,42) leads to
r j     ________  ai/&UK. (fc + jwki,,) _______ _____________
1 (WKL»)l + 2(t- + 2 r„)Ri!/Mi - 2. (lull -  ’/wCn) «>•-,, +j[2wL, (2tv.
inammnt of t o  secondary currant w ill ham i t s  la rgest value i f  ■
.the reactance t-am in  tho denominator (2,43) earn he made zero by adjusting 
L, or cn 9 i,@, wisan
ooL| c*-*4* 2^ w) =  aR,l/ h^  (
or . . .
-  m l , ( | 4  . . .  .  , ( 2 . ja )0oCtt ' ZRi
Bjs tera — iff"*' Bay ba Moaned to  to  very small* «■?».-•* 2Rl»  0-+2h,)h*-
in  such a oarouit, Equation. (2*44) s ta tes  that the primary c ircu it 
i s  m arly  in  r®Bmamm0 f h e r e w i t h  m  apprecia tion  i t  i s  possible 
'.to that'* ' ■
—1—  =  ooL,WC„
Sgoation (2,43) ? und®r th is  assumption and condition of aquation 
(2,44)# than baeomas ■ '
hta  =  ____ 2|^16V. ( t c -f j q ) K L i , )  . . , . . . ( 2 . 4 5 )
2 2 («--*• 2rn) ^ /ht + (u>HLu)z
2 ,2 ,7*o, • Voltag® gain, .
,.-.:t o  increment of out put voltage across t o  load 2Ru &ecor*»
. ding to  (2,43) i s  , ;
2 SMu = ------------------------------- — — - ___2 ^ 1 ( i - c * j u > K L n )  i*Llnz t '  . ( 2 . 4 6 )
(^ K*-i()1-t-16»-+2l'«)T?l/n;t-Z{ujLt -'luc„)u>L„ +j[i«4(h+:%) + J^(u,Lr ywC„)l
Equation (2,46.) expresses? the raagnitudo of t o  increment of t o  load vol- 
. tags referred to  t o  primary, !F!rca th is  equation we can easily  f in d  t o  vol~ 
tags gain of the push-pull am plifier considered, Hasoly* fo r th is  case the 
voltage gain according to  (2,46,) is
/> _  _______  2|/v*l h • Cfc + ju^KLnJ' ^ /n 2-__________  ^ ^  ^  Y
( u ) K L i |  )*■ 4» 2  ( h + £ » * ,)  R '-/v\t '  * *2 (w L j-/(A > C **) + j [ ^  w L j  C\r*2.y'n) +  l ,^ 1/(1i ( w Lr / ^ C h ) ^
For R u t h e  voltage gain becomes
f  = w l/fil (rfc +ju?KU) **..•*.*.,•(2.485
(r+ar„) + ajcwL,-•/*<:*)
or
h . . i -  .   - - » • « ) .v (V-**llw)z + (^coC
■As can ho soon frca  (2*49.) tho voltage gain a tta in s  a masdznim value a t 
resonant copdition, t o n ,  . ' /■■pm.
r  I n - ^ i V ^  + cwKu)2* / ,  / * ' — %
 =  - f r ^ r B)  . • • .................... (2*50->-
©f t o n  i c ^  (wKL„)z 0 thocompression (2*50 ) hoooaos
r  n i/di coK ■;,.,
^ x. ”  t+zr* • • , * * * • • • . . . . . , ( 2 . 5 1 ) *
According to  (2*47, ) ,  . t o  voltage gain fa r  a given value of t o  load ro s i-  ■ 
stance 2 Ru a t  resonant condition i s  '
-94-
2 02 , 7 * b 0 Poorer*
Now, we consider the power gain for the case when resistance  
2R as a load i s  connected across the secondary terminals of the output 
transformer ( see Fig*.2*2*4a* and b )*, In th is  case the power referred 
to  the primary at rescmant condition (2*44 ) i s
f = (» j ij i(iRjnl) =   (2. 53).
0 [iC-*ir„)Ru/nl. +(wKL„)1)t
when
Tc ^(wkt-n)2.
in g  th is  expression with respect; to  2RU ,  the largest value o f  
T0 i s  found to  occur
i(t-  + 2r„)R^n2. =  (wKL,,)1
>1
'/n'
at th is  condition the maximum; power i s
P   .(2 .5 5 ) .lo*v,,i*- ' m -  + i rn)
2„7©c© Power
For the c ir cu it  shown in  FLg*.2*2,4a the appras* values o f the do. 
input power may be expressed by
■ -95 -* -
whera
Eh . i s  the do* resistaca of tbe nonlinear ©ondenser. 
Therefore* the power gain aooosdiug to  (2,52) and ‘ (2*55) becomes '-:
^  k ( \j*\ <# K L u)2, Ry, - 'Ri./>1t  *•*•*.**♦**,,**(2.5£),
 ^ [ 2 (t* + 2»*w  ^Lii)2^
2*2,8*' Ccoolttsicas*
_ Uso analysis presented mm carried out.f e r  a push** p a ll do, - 
d ie le c tr ic  amplifier with r&onably m a ll variation  of tlx# do. signal 
©nd ufcsa amplitudes of carrier ami s ig n a l' are .smaller than the Mas 
▼oitage*
■ l&m tho analysis I t  follows tha t tho $mmr gain I s  inversely 
proportional to. tho equivalent loss resistance ©f the nonlinear conden­
ser and proportional to  the coefficient/w * These two factors are depen** 
dent ©a the properties of ferroe lec tric  materia! u sadas dielectric* ‘ 
Farther* the voltage and power gain are inversely proportional to  trans­
former losses* Therefore* to  a tta in  a high gain the ferroelec tric  mate­
r i a l  should ' possess* o .- .  a high sen sitiv ity  to ' an el® e p ic a l  f ie ld  and 
small losses* .The' transformer losses should he as. small as possible*
■ ' The ■ voltage gain may' he increased by an increaso ©f trans- 
formation ratio* n (urn ®q,(2,47*) * 'But on increasing the transform -
m jjflS «*
tiosi ratio* the distributed capacitance of the secondary co il increases* 
Therefore* the voltage gain may fee increased by transformation rati© n ■ 
only up to  a given value of a ,  above Which the gain w ill decrease*
The mmdLmm numerical value of n a t which the gain’ a tta in s i t s  h ig h e s t;- 
value I s  dependent.on .the design o f .the output transformer* m aterial 
used ( core e .t . c. ) and required magnitude of the load resistance 2 Ei. 
(see section 5*4*') - .
- 9 ?
2.3*1# ' AG. d ie le c tr ic  amplifier c ir cu it .
Ill i s  shorn a simple stag® o f tbs p ara lle l resonant
c ircu it  o f a d ie le c tr ic . am plifier.
an'iim Ci
fig«2*3*1* Single stage of resonant d ie le c tr ic  amplifier* 
w h e r e ? ..    5, :
Q+ # carrie r power source
C . * nonlinear condenser , ,, , , ■
Q z w ' bjre pass condenser.
O, * variable condenser*
L$ * blocking inductance *
X» j :; # : tuning inductance 
E » i s  a high resistance to  eliminate 
■ currents in  the de. bias source.
*•98'*
:...- ;fi.u , V# load resistance*
& * germaiiua died®*
. f 0 .. * ■ ' do.' bias voltage*
v3 ■ ' -  . . iiBtantam ous value\of a i^ ia l v d ta g s .
Mb cm  be m m . from, tig* 2. % 1., the nonlinear condenser i s  subjec- ; 
ted- to" three voltages! ; .
. do*' biasing voltage vc 
signal voltage Vs of tm<£a®my f5 ...
■find //^carriervoltage■Vt 'of ft '
It' I s  assumed that Vm  carr ier . frequency i s  uradh higher than the
©igaal frequency* as is /u sed  in  practical applications* Sm s
_ . ; f t  _
Farther ■ m  assume that no relation, e x is ts  between {<, and., f *., .
She relaticm. between to ta l Instantaneous charge q and - to ta l instanta­
neous voltage3 v ,  across the nonlinear coMenser we .assayed in  the  ^
form Of a ‘mMo function* •
v a ^ + p c j 5 # . . , * . . ( 2 . 3 . 1 )
..Hfesrs... , _ ;•.', . /. V ^
. :©C ■. and § , * ,  coefficients (see $*3Q:;-}» ■
, In  th is  a*m the charge majr be, considered to. consist of. three 
ter a s | one due to  .the biasing voltage* * the second due to
the signal voltage* th ird  - 6m to  the carrier'vo ltage,
Tam equation (2.3*1* ) ,  w ill be
v = * < v V v  . , , , ,  (2 , 3. 2 . )
$hs taxation ( 2 ,3*2) ,  maybe represented m  
V =  cv, + a , ^ t + a 1^  + tt5^
inhere
Uo = * ( ^ o +V  + K % +V
U-( — o^  + 3 *^( £),«, +^s)
=  S f> C ^  +
: < V i = f
3
* . ♦* . **  .(2*3*3)*
3*4.)
A sig n a l, low ia  ih fe^m cj comx^ ar^ d to. the e a s i e r ,  i s  equivalent.to .'.,. 
a Vai^lBg b ias voltag#* ^ e r tfo r e , 0^ ^ %  » ®ay be ocmslddred'ao. v a » \; 
rying b ias, charge*.Hera £j/0+{{s was considered m  the control charge ? <J,C 
Only the fundamental frequency was considered in  th is  analysis as 
providing a e ig d f ie a n t  contribul&c^ .• Assuming the .carrier .currant in
’ .a .-,> i c- .■!• ' ^  -jr - ' - '  ^ ■’ ;5 ■
tfm  fwm*> ■ ■ . ■ ■
t + =  I ^ s in W jt  ,  * * ,  ,  , ( 2 . 3 , 5 . )
.the carrier charge w il l  ha
1 0 0  -
. Therefore; the component o f . aquation (2. 3.3* ) containing the fundamental. 
frequoiK^r.will. fee. ; - ; , l ■
M = cos Wit + % f  -h * . C0i£j4t  .  , . . .  .  (2.3.7)
Aa can be seen fresa (2*3*7)# V,. consists of a fixed amplitude ter® ,a , 
and a tersa5 whose amplitude i s  dependent on the control voltage* „.
Mm i f  o ily  control.voltaga. is  applied to  the nonlinear condenser, 
then
Vc = * %  +} %  . # .  ,  .  . ( 2 .3 .8 )
and
- a £ - -  n b - -  * + JK  ----------*(2* M
■where Cc i s  the capacitance of the nonlinear condenser a t signal 
frequency* . .
Comparing (2*3*4) with (2*3*9) m  have /
<*,=<* + 3 ^ ^  . . . . .  (2 .3 .10 )
Substituting (2*3*10) in to  (2*3*7) gives
VI =  -1— - ii-  coscdjt + 3jn$ - ^ r  C05O)4t  . .  .(2, 3. 11)
The second tern  in  equation (2*3*11) consists of. a constant amplitude 
( fo r a given ferroe lec tric  material'and constant ca rrie r frequency) 
and .therefore' seems to .be ,o f no in te re s t, from th i s .analysis point of 
view, since no signal information em  be re covered from I  t* On the other 
hand, the f i r s t  te rn  i s  dependent m  control voltage and i t  i s  a ccepo- 
nenft of the fundamental ca rrie r l^qaeney „ < Ifcm (2*3*11) i t  i s  
seen tha t the. impedance -offered-to the .fundamental current i s  of the
-1 0 1
that offereclby:k~linear^coastal'.capacitance* wife' fee ■'■'’■' 
capacitance determined by fee slop© ; of • the charge against voltage curve 
of th e ; capacitor when only 'signal voltage i s  applied, - This a llo ^seo n si-  
deration of the single -  tuned c ircu it o f: f ig . (2,3* 1) as'an ordinary . 
impedance as fa r  as' the Mgh frequency ca rrie r source i s  concerned, w ife  
the -capacity controlled by fee signal' v©ltag©.; ; :
ttm  equivalent c ir cu it  seen by carrier source may be represented 
as below. *■ < - '■* -
Fig, ■ 2 ,3 ,2 , \ : Equivalent ■ c i r c u i t . of ’ d ie lec tric  amplifier seen -by
' ■ ca rrie r source, :
wher©*
Ct  ''-and &n'<* are 'the e ffec tiv e :capaeitanoa' and'• '-w' 
■ 1; : resistance- of the nonlinear condenser a t c a r r ie r ::''
. f^equ^acy,7 :'! ; -iv g
'.resistance'of coil'I*' 7 / :
■ • ~ -represents fee input impedance of -fee'- - /:-
■'r e c t i f ie r ;load," 1 77 r
t t& m tm m  ©f .tuning c e i l ,  '
e t m equivalent ©awder m m ent a w o e , ' .
Tkm impedaim. seen by fee m rrie r fm&mm^X aay to# represaa-
fed  ly?**
ifcare
3t = l/Rt * ^  to ta l effective comlaeiancs of the 
tutting C&KRglt*
. y  yRt .  t!» tfftettw'.ooaOMtaBQa xwpmmttag
Input lapodanca of.'the jraatifte? lead,
ftm  ©f- the varying ca rrie r  voltage morass the tuning circu it
i s  sXvan toy , - ■'
V„t = I i | Z t | .  .  .  .  .(2 .5 .13)
ito x e  V
It -  i s  the saplife^l® ©f the input ©iaxvent#
■ ;iM-e!t i s  BBmm&& -constant,
; ' Vmt -  la  the peak.value o f  fee ©airier voltage ' . • 
across the task c ir c u it  ( f ig ,2,3*2) :
\^mn & signal voltage vs t s  applied, fee- effective capacitance ©M 
resistance ©£ tli# w id iaaar ©©osbasor vary, causing zt to  vary and 
the © grating point t i l l  m m  u p  and dom m  fee tuning c u » *  ■
She ©irfepjit o f tb i 'tuaadi d m & t. w ill than to# an amplitude s&dulated
2 .1  =
V(rV+ rJ* + (w*ct~ y«‘L)s’ s '■ * * * * *(3.3.«j’
V(9(+3J1+ («A-'/«(i-,)'
«H03-
ca rrie r voltage. feerefors, i t  i s  of in te re s t to  find fee relationship 
between the ■ envelope and the . signal voltage, . -:. ' _ ■■:’;.
, ■" fee amplitude of the ca rrie r envelope, ten , i s  the change in  . 
the amplitude' o f ' the c a rr ie r ' voltage,
fea t IS ; ■ : g /g t : :  :.\g
Ve« _ = d t C - I ; d | z t l  (2.3.14)
fee impedance | Z*.l I s  a function of the 'ca rrier and control voltage, 
therefore the to ta l  derivative of |z*| w ill be
J,- ,  . p | z t| dVU ' ) | z tl l r|w . . *
d tz ‘> =  * w 7  "nvT _t'' T vT  r Vc- * * > 2 *3.15)
L  =  - l z J 3Rq,+<)i) + co+ ("u>tct —/^tU)
3V„. 1^1 ^ o v . t ^  W  ' ^ . * ( 2 , 3 . 1 6 )
^  = - | z if[(9*+l ) 2 | -  +w'(^ c .-^ L )^ a ] ,
fee e x ^ r lse n ta l indicate tha t fee  - variation ©f the effec­
tive- resistance o f f  erroslao trlas with change of signal. and ca rrie r 
voltage i s  very 1 small toider operational conditions (a t suitable do*' 
b ias voltage),'m et in  the. d ie lec tric  amplifier ’ (see''pt*chapter I t  ^)*.
. feus, in  thism alysis> the derivatives : 3 ^ -  and. ^ —• a re . neglected. V\ ‘0 Vi+f ■ ■ o Vc
Assessing. -these approxiiaaticaas.. asa&'substituting:' (2,3.:i6)'-ii&b (2,3,15) 
and. (2*3,15 ). in t 0  (2 , 3 , 1 4 ). m  have ,
dv„t = -  U )jC tX  VWt : ■ J  Vc
[ ( V 9 l P +  w + C t x ]  +  « * * c . X  ^ b t V - t
G v -
dVCt * Wi c^X v^c.
414 [ C 9 » * 9 0 l + + « » c * x -2 ^ .v « t
*  *  *
OC* ^  ^c,
OCs ^Vc
n 5 c
DC* . _
4* (2*3,1)
Gv -
laslng teds in to  (2 ,3 .1? ) Isa3a to
d H  V ? ^ t C , x  Vt n 3c________________ ___
dVc [ c ^ + g O V  W f C ^ J  + ^ C t X S t ^
S s '  00c I 0VC IVfsConvt*. <* esl
* » •
t ff  t$&
iW*
do® tor dlaas^p in  slmpt o f  t l w
t o  mmiMMip of a
• tm^Sm®  ^ iufejaofod to-
mrAm  H.@M at f$a&& iss^tsaio of 
t o  coEtroX vc&fcags*
■ ** r*i%s* w-olm o f  t o  eaaapier ifoXtag# 
a O T  t o  t o t o s  oXroaiig
% satto fe*J»1$) oriTOSSBS t o  Fdliags gain of t o  aieltoti*!® aispMfies? 
_eShtxm i n  H@*. 2*3 ti»  ■
■) ■ '
2.5 .8  Poser mtpw*. ' ■ "
A3Si3E4E5j tba* &- perfect aataetcs? is usaS tfea poser output ef 
t l»  « ( iU f l« »  d m a lS  i s  . . ; . . . .
X
p„ = vc1 g ‘ 9 l
Pf®  (8,3.13) i s
o r v, t o t e * .y m S,- l 1 \ i l  q,
(2 .3 .28 )
(2 .3 .81)* *  *  •
m
i / i / ,  m , n-?* v.2, a.
j [ 0  +  3*/3 t ) 1 + qV ] 9+ + l /2 ' " f Q t .X S t Vt ] 1
(2.3.22)» *  •  *
t o p t
Q-k *= iOj. R^ C^ ..
-406.
2 * 3 . 3 . fh© power gain
Thai inpat c ircu it can be considered .as a' series tuned c irc u it 
with inductance Ig , capacitance of the nonlinear condensers a t signal 
freq, 9 CB$ resistance Ks and 'g e n e ra te d  voltage V ,  Uds equivalent 
input c irc u it i s  shown below
I
|
tttt rm  c
Elg*: 2,3*3. h^® eqai*
valent input c irc u it.
whre s
resistance a t signal frequency,
Lg -  input inductance 
C«,=2C^ » the capacitance o f the. ferroe lec tric  
;..  ^ ; condensers a t the signal frequency* , :
Cl «* 'the capacitance of the nonlinear condenser (see Fig. 
V; «* equivalent signal voltage. ,
Vs -  voltage across the nonlinear capacitance,.
Tbs power availab le. frc® the signal source i s
P =
V;'
Setting
•  • .  (2.3.22)
«  1 0 ?  ~
ana siafesiitoit^g -into (2*3*tt) ’ g iw s
V| oosC* (2 ,3 .2k)
t k m  © g p U M  t o  t o  m s & i m m  eoi& asaseya* t o s *  th »  t n m t
i a t o i i  t©  t o  s i p i a l  £re$ias3Q!f i s  a g p w t a t e l ^  « < p a | i©  V6 =* Vi Q %
ffeit, input ■'-peswwp g?a££a!ft& tm m  t o  signal mwx&  at t o  feast eor^itiom
2*3«4* , Optimm  Ita3r#
t o '  ® § U , w m  l o m l l u g  o f  a  d l e l o c t r l o  amplifier stses d iffers 
f r m  E m t ' & m z w ®  fcaosoM  t o  t a i  a ro p a  n o t  w £ p  t o  t m & i m  o u t p u t  
vc&tsga but also t o  aagee© ©f &oa&&ftti09it ©ln©$ t o s  i s  a&p©s*a©nt m  Q 
( e a a  m ® t i m  1*4*7) ,
(2*3,25)
t o  powar gaim i s  glirsnfef &p = Po/pjn. 
fliarafto  froa (2*3*21) ax& (2,3*24) «© feaw^
(2.3.26)
(2.3*2?)
»■ 1 08 ' •   ^ "
I t  seems, that i t  i s  of in te re s t to  find the load conductance which 
gives maximum power output, trea ting  P0 t s  a function of f equation
(2,3*21) may/b© w ritten as. ■;■
F o = k  I f ( 9
where •' .
K =  (V^tC+XnS^J^Vi.1
2 For resonant type of m  &c, 'd ie le c t r ic am plifier, close to  the reso­
nant condition, the terms 0)^C^X2' and are very small in
comparison with. ( .9* + 9u.' ) w  caa &@Hl@ot them,
' Then ;
^  ^ . . .  . ( 2 .3 .2 9 )
By maxindsing th is  expression with respect to  , the largest value of 
' i s  found to  occur Mien v
g LS  'k %  .  . . .  . ( 2 .3 .3 0 )
- i*@* to  a tta in  the maximum power output the' load conductivity should be 
about three times lower than the conductivity of the tuning circuit*
2*3*5* Conclusions,.-
Frem the analysis presented i t  follows t h a t ; ....
1) the power gain i s  proportional to  the Qs of the. input and to  Qt of 
the ca rrie r  c irc u it, B it increasing Q$ decreases the band -  width.
 ^ * ,  . .  (2,3*28)
L+gt ) 1 + 1 ] + l/T S4Vi|
Z ) . The power gain I s  proportional to  .the sensitiv ity ' of the fdrroeleo-> 
/ t r io  m aterials-( 'Se t 3^),
, 3 ) .The optimum power occurs when the load conductivity i s  about three 
times lower than the conductivity of the tuning c irc u it,
Increasing the ca rrie r voltage would haw the opposite effec t of d irec t­
ly  increasing the ©mount of carrier power fVcsa which the signal output 
i s  recovered, while a t the same time reducing the sen sitiv ity  Of the 
nonlinear condensers (see p t*I,' chapter'’17 5) and hence d irec tly  reducing 
..the power gain, .
* n o  *
Casoacted d ie lec tric  amplifier* i' •■■
A single cr dieXecirlo amplifier has limited power and voltage , 
gain sim ilar to  a l l  known, amplifier' stages, tP© Increase gain* .the g&n- 
; gl@ stages of the d ie le c tr ic  am plifier may be connected in  o&scada easi­
ly  due to  'their high input impedance and 1 m  output impedance, The choice 
of the type of ..interstage coupling network; depends on-the .frequency or 
range of frequencies which t o  amplifier m s t  transm it, 3Ms w ill not
be discussed f u t o r  as the.-saias considerations apply hers as to  rac^M ’ 
tube am plifiers, be eMghastod, that some oases.-which oeour
in  rmmm tubs stages 3 are not possible In  d ie le c tr ic  am plifiers, .
IlmeXyy i f  the output cascade i s  coimected v ia  .a h i #  -  inductance. traas-  
tm m T, then i t s  Impedance fo r low ..signal frequency w old  be small and 
l a  consequent® the gain, of the d ie lec tric  amplifier cascade decreases, 
due to  decrease of the to ta l  p o l i ty  fac to r, Qf of t o  tuning c ir cu it , ■ 
/■.'•To avoid.this disadvantage t o  output oaaoad® may be designed for resonant
conditions a t a il- frequencies,
Slg»2«5»1* Conaectioa o f
’ t o  output cascade for reso-
!
nant condition a t a l l  fr e -
wtaertsr
T -  output transformer.
E." -  additional resistance* ■
0 -  additional capacitance,'.
l i  equivalent inductance of t o  output
transformer, referred to  the primary*
Ui >  load inductance referred to  the primary,
t o  condition to -  aatiresomanoe to  occur' in  t o  above c irc u it , when'
^"•(L .-C R ^)  -  R ^ w ' c C  -  co“-C f?L\) = O
far*. i f  the two resistance R Mid ' B’u are given sudh values that
R = Ru = V  Ll/c  . -  .
than., resonance occurs at all. frequencies, t o  impedance o f th is  c irc u it
with R * R*u = \/ L,/c Z — \J L'/c ’
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2 ,6 . Carrier supply,
- As previously mmtionad (chapter I , )  the d ie le c tr ic  am plifier  
requires an ac, power supply,:.Mm, i t  seems, that i t  I s  o f in te re st to  
com ldey th e . general .rsqnlrei@nt3 o f  tha carrier supply* :
a ) , Fre<p@ncy,-
t o  frequency of the carrier supply, i s  depanient on 'tbs' band ~ width 
.which i t  i s  Becessary to  obtain , since as i s  known frcrn the previous
chapter (1 ,1,4,7* }# t o '  t o  required fla tness o f . response and
o f  gain i t  i s  nsoessasy to  maintain t o  appropriate ra tio  ©f signal to  
carrier frequanoy. In general, in . d ie le c tr ic  am plifier operation, t o  
carrier frequency should he several orders ©f m gni trade grater than t o t  
o f t o  sign al source*.(sea 'chapter X,RJsplitude J M u la t im * ) ,to  highest
possible carrier frequency i s  lim ited  by t o  nature o f t o  ferroslec-
■:■ '■ ^ v — V: r,;- ■ ■ - V  (& )
tr io s  to m -se lv es , 'The investigations carried out by Ferries and Jackson ,
and Davis and Bubim indicate that the d ie le c tr ic  constant o f  sees©' 
cdapositions o f (Ba ♦ Sr) Ti0% c a r i e s  I s  id  ©hang#.': very-small up to  
approximately 3000 2S3/3, t o  early  resu lts  rep uted  by von Hippel m  
pure. polycrystalH m  BaTiOj nhm  that t o  real' part o f t o  d ie le c tr ic  
constant f a l l s  o f f  quite rapidly above 800 or 900 Ml/S,. I f  seems* t o r e -  
fere* t o t  t o  highest carrier toqaenoy fo r  which a d ie le c tr ic  am plifier 
m y  be designed, i s  o f t o  order of .1000 M3/&, # since for higher frequen­
c ie s  the tuning range i s  not reduced by any reduction in  tu n ab llity  o f
.to - m aterial, but by mmk effects m  capacity stress* ■ The operation of 
m  US d ie le c tr ic  am plifier a t  c a rr ie r  frequency below, say, 11 K e/s, 
m y not be considered to  be 'practical* M  am plifiers way operate of course 
a t  lower c a rr ie r  frequency tlm aan  &e d ie lec tric  -amplifier (see ,
:Mmtim  1*4*7*} "'.'■ . ■:,. ■>. .
:;;ToltagO m gB lto t*  :■ ■:: .■/
■•.1 • 'The magnitude required o f: the-, output voltage- -oftho ca rr ie r  : '• \ ;:
; o so llla to r it, dependant, - m  the- following, facto rs* :,.
1) thickness -Of., to -d ie lech rie : In/th© nonliBoar' condenser ©r 
; ■ ,■condensers;■ ( i f  ,& t m  are ©©meeted in  styi##)* ^
, t )  the nature ©f the ferroe lec tric  d ie lec tric  mood* lamely, as m s 
shown in  part X of -this the s is  (pt# I#, chapter If,#} there i t  a- su itab le 
ae e lec tric a l strength a t  which the relationship' im reaental perm ittivity- 
■ do voltage becomes linear with high slope* This mgnitn&e of a© f ie ld  
s tress  Is  dependent on the composition of-the barium ti ta m te  with 
additives as was Shown ia  chapter I f  (p t* I.)
. From p ractica l data met w ith in  th is  study, th is  voltage m y range 
from 15 v o lts  up to  155 v o lts  (r.aus*) depending on th ie to s a  and nature 
of a fe rro e lec tric , t o  application of higher voltages causes a decrease 
'■ of slope of the ch a rac te ris tic , winomt©ntal perm ittiv ity  -  do; voltages*, ' 
which in  consequence leads to  a ■ decrease of the gain of the d ie lsc trie  
amplifier# Further, increase of- carrier- voltage leads to  to reased  non- 
lin e a r ity  (producing ham©ales), therefore insreased losses and, in  the 
end, to  hreaMown of the dielectric#
Impedance o f  ©arrier source*
Tha repaired impedance of the ca rrie r source is. dependent m  
the d ie lec tric  amplifier o ircn ii used* %w series -  fad amplifier c ircu it
; ' n S**
respires «l power supply with as low an In ternal impedance ms possible * 
so th a t changes of impedance of the nonlinear condenser w ill causa large 
variations in  the series current and therefore in  tfcs output power* ,..
Of course, such a low *> impedance power supply represents a voltage 
source*
She p ara lle l am plifier c&rcait*.on the other hand, r e t i r e s  a 
b i# i » impedance power supply a© th a t changes in  the nonlinear' condenser , 
w ill cause.large variations in  the load voltage and therefore large chan­
ges in  the output power* Therefore* in  th is  case the power supply., should 
approach a.current source# . ;v;, 'g;
In Iig#2*6J. . are shorn sda©matica3Jy the c ircu its  of d ie lec tric  
amplifiers with the required Impedance of the power supply*
input nn
Cr,
n n
low  «mpfccldncct, 
Jf p o w e r  S u p p lt j .
(ILL lil l
>utput
HigK importance, 
power su p p ly .
- Series circuit-» . P aralle l circuit*
Hg* 2.6.1,.. Comparison of amplifier c ircu it with th e ir  power supplies.
d ) ,  Ommctim of th e  c a r r ie r  source t o  th e  t a tk c i r c u i t ,
-Amplifier 'dansulte need, to  be used in  oases where the carrier 
scu ro e  Impedance i s  too high 'for a h l# i -  Q series c ircu it or too Im r  
fo r the p ara lle l c ircu it. In  such cases, the ca rrie r source should be 
connected to  the tank c irc u it of the amplifier ih ro u #  a-series o m M n m r  
fo r a  p a ra lle l c ircu it amplifier, 2Ms cast i s  considered here,’ l a  Fig, 2 , 
i s  shosm tank c ircu it of a d ie lec tric  amplifier with c a rr ie r  osol-
Fig, 2*6.2. Tank circu it of a d ielectric amplifier with carrier power 
wherei .
°4 <« carrier oscillator.
C1 *» small, reliable capacitor* f C, «G*
Cn «• nonlinear condenser
L ** inductance ©f the tuning co il .
*■» <*► equivalent eerie resistance ©f the nonlinear 
condenser losses.
l-L resistance ©f the tuning co il, .
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'2|s» e d ^ tiim e e  o f  ’the  /c irc u it  (F ig , .- 2 .6 ,2 ,)  between 1 and '&■ i s  - -
g l v e a / b j r  ■ ;;■' :
•j 3 V l = - d p 7 + T ^ p r
“ ( - T f  +  “ I r )  * J  ( “ S '  ~
; I f  the c ir cu it  i s  tuned to  resonance, at carrier frequency ; v ,  then
: Xu
z i  z • • • • •  • (2* 6 ,2 ,}
where ' ; ,
z l  = + x " ,
, , # 'V * * • 1 * ■#" (2*6,5*}
z f - n . + x u-
■ fh® resistances K ‘ and fL are' v e r j  sm a ll: i n  comparison w ith  the  reac­
tiv e  re s is ta n c e s , since the c a r r ie r  f^qpa.*wgri'; I s  chosen s u f f ic ie n t  
t i l j  h igh, h a t us assume th a t  components o f the tuning c i r c u i t  are so 
chosen th a t  t
r« * ru * r0 , • • , *  > (2 ,6 .4 )
How, fej approximation fo r  a  M#5l Q -  c i r c u i t ,  as occurs in  a ' 
d ie le c t r ic  a m p lif ie r : ■
XvV = * L * * • • • (2 .6 .5 )
'and- IT ®  (2 .6 .5 )  \ . : ;Vv/  .' "'
Z * = Z u - Z 0 * * * * ♦ (2*6.6)
‘V -116-
SJ» e&stttanoa o f tha «4realt at resonaaoa w lli t»
%  = %  + : " T T  * » * > . * . . & * - n
t e l  t e  ©csSltim (2 -6-6-) ia  also aaiisflti, im ill# 
j&ty ®f reseimm# fa ta l f ast talcing t e  ra tio  of o&i^tt&ma of Vm c&roolt 
a t 3§te&ng Cy ) to  t e  *9taitt«ao& et-tbe otaa&t a t B p r a j  «a beat
i&orot ‘ . . .
■ • /  $Xm <* mp&M,tmm  o f  t e  &qs&1x&$p ooa&otte®* ■
at te m m m
,c < ' .  Q0 * tho q a ilit j  f&etcr a t  r@ sm isj»
I te s  4&® t^pgm tioa ( t  .; 2.- 8« ) i s  m m :. that dtttM ag tesroassa 
ae t e  ^as&lijr f&sAae l a  i n « » c l # -
■ Mm tba r®e®iaiK» d ro a it  {^ lg » S .6 -1 • ) i s  io tassi tt*s a&dttaaoo 
of t e  task d rq o it td& t*s vo&swA t$r ctmfig^  of tmxk oapaaitj# aai
t e  td lla g s  ^12 isllX ks t e  Hjscay o f
* XI? -
equi-saleat ©uywab generator to  t h i s  c i r c u i t  t
v._ I z
where*
'1-2 y + t j ,
f |  »  I  * voltage across th e  tim ing © i r e u l t  (see F ig*2*6*1).
■ 1 ##. . %$ th e  sho rt c i r c u i t  cu rren t of the  equivalent generator#
y ■«* . i s  the  adm ittance of th e  tank  c irc u it*
U,- 1$ th e  adm ittance o f equ ivalen t generator including
se r ie s  condenser C and c a r r i e r  o s c i l la to r  admittance#
I f  0 i s  a b sen t, y la  t m  and. when th e  tank  c i r c u i t  i s  detuned .
due to  s ig n a l voltage# th en  y , w i l l  increase  to  a  la rge  m in e  and
cause a large change of voltage# ?^-S* I f  0  ^ is  f in i te #  the. m m
iiaount o f detuning w il l  cause a  considerable decrease o f  voltage#
p roportiona l to  the  ratio- o f  -   ^ ..-• * Ism *  f o r  mmXX v a r ia tio n  of v*-i
y ■*■ j >
w ith  detuning# . y • should he la rg e , i*e# a  small capacitance* 0 y  I s  
d esim h l#  e&ap&red w ith  th e  e&paoitas©® l a  th e  tank  c irc u it*  ■ . However# 
a  s m l l  value of w i l l  Cause th e  c a r r ie r  vo ltage  across th e  ta s k  
c i r c u i t  t o  he. low# fkue th e  p ra c tic a l  va lue  chosen f o r  should he a  
eoxaprosiga between a  low value t o  give constancy o f vo ltage across the  
tan k  c i r c u i t  mad a  high value to  give- a  su itab le  voltage across the  
nonlinear condenser# Of course,, th e  su itab le  value o f  a© voltage across 
th e  non linear condenser corresponds to  th e  m gnitudo a t  which th e  
non linear condenser a t ta in s  h ighest s e n s i t iv i ty  { / T F/v o lts# )*
118 *■
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feperiiiBBtal D ie le c tr ic  Jkapllfier.
3* . 1* Introduction*
• 3. 2 , ■ C onstruction o f  the nonlinear condenser
a s  va riab le  c i r c u i t  elements*
3#'.- 3# . Ebsperiiaental... d e ten sin a tio n  of
%  • y-. a
3* ■ Ixperiment&l do# d ie le c t r ic  am plifie r
c i r c u i t* .
3* 5* Bbpperlaisiital ac# d ie le c t r ic  amplifier
c irc u it#  ’
3m 6. I n s ta b i l i ty  o f a  d ie le c t r ic  amplifier*
3# 7* Conclusion#.
*■ <*'
%  1*
dft&p esasE^bcsg o&t ass amljrs&s o f disls-crtrlo m & H ttev  o im a i ts
Bhmm In t o  p&&vicm to$ to r# a 'issuer of ©i^iriemtal direnlts of' 
ii# l# < g jtir£0 a c ^ ilif lo a f  «©jpo -o a oo ia ^a is to#  i n  o rd o r  t o  cliecsk t o  t o w s t i *
m l mmlM# l ln s t*  % cm^m^Mmpf t o  o n lt3 :-cf..aoaaina®r. canSojaseiro 
Ms@i m  to . m m t t m  cdrcsjit ^tmmutn In  t o : og^stootol *&ol®otsi& 
© festitn  $m . t o  m^mmmntm o f  t o
©$©ltlel#s&0 9m « % oad yvt i t  ia s « iM  ao$ e ^ : d i » t a i  iralyas f^sis* 
tM  ooostsoctiea o f  too SC OBSEddfior &nl t o  iH3 .a ^ l i f lo r s  
{ -tm  iif^.0  otaga «a&. mm $m . stagt ) is  giwa ami t o  os^estoatai 
# s^ a 0 l© tis ti0 S  ^sot©#* ■ ■ • ' . .  ;
C o^m ctiC S* eOmd#ms#?4 &C & v; -
:-.v;;; 'r..g, , ■ - V.'.\ ; .C lrCU lt' 1 -  ^‘ ' -  "• ; :; ':  ^,;•
Bistensioias o f moslimear oeBdomsera *
': -the. construc tion  o f nonlinear condenser a s  a  m ri&M o c i r c u i t  eiesiemt 
i s  dependant - oxt the  .c irc u it  in  which i t  w ill: ho used*-' v I n  th e  d ie le c tr ic  
am plifier*  p a r t ic u la r ly  && th e  f i r s t  stage* th e  s ig n a l ■voltage i s  u su a lly  
ifm f- ' tm f  th e re fo re  th e  th ickness o f d ie le c t r ic  should ’be corr©spoud tog ly  
S m l l  'so th a t  th e  s ig n a l vo ltage  -gradient w il l  he adequate* as i t  i s  fcmm. 
t h a t  the  perH & ttivity  'of fo rroeX oetrtes i s  dependent -m  e le c t r ic a l  f ie ld  
■ obfest*  ft# ' th in n ess  of a  noh# '$& -prii»ipX##
A ss is t  t i t  ga in 'O f m ap lif ia r# sine# %  applying, th e  h igher perm issible 
c a r r i e r  v o ltag e  to  a  th ic k e r  e&p&eiio*-the case g a in  can he re a lis e d  m , - 
w ith ’a  :th in  capacito r*  ' " However* th e  decreased th ickness o f th e  cap ac ito r
i
'I lm ira s ' a  low er optistm  c a r r ie r  voltage* -and therefo re-'tha  c a r r ie r  power 
Communion I t. lower* ■' Several' th in  momliaaar condensers im se r ie s  arc  
■' superior# ' pine# th e  h c a t" C c ^ c tlo m  f  rom th e  d io lo o tf i#  10: g rea ter*  ■- lo re  
M ita h lc  • conditions f o r  4' d ie le c t r ic  am plifier- m y  he- obtained with- two > 
condensors* these, should’ bo connected in  s e r ie s  w ith -resp ec t to  th e  c a r r i e r  
source  - in- order to  allow  f o r  twie© 'the  -applied: c a r r i e r  vo ltage  and in  - : 
j ^ r a l l c l - w l th  re sp ec t to  th e  s ig n a l source# - :v fM c  wilX: giirc-'.- 
:4oub|o the- output vo ltage#: - :  ^ - - . But tho  number of th e  non linear
condensers cannot be 'in creased  indefix& teXy* since th e  d is s i*
** m  **
pa t ion  energy increases $m- to  th e  -introduction of th e  a d d itio n a l c i r c u i t  
elosiants necessary fo r  is o la t io n  of the  sig n a l and c a r r ie r  sources* fhe  
ms# of' a  la rg e r  number ©f -series Condensers doe# mot increase th e  power- .-■ 
g a in , in- sp ite  -of the  penal s s ib le  iB sream  of supply voltage* sine#, th e  , 
adm ittance of th e  am plif i e r  decreases to  th e  same degree a s  the  - in c re a s e , -;: 
o f  power gain* > . fherefo re  the  ’ a p p lica tio n  of tw o. o r  fo u r nonlinear •,■< -,;..; •; • • 
condensers, connected in  se ries*  m y  be ■ u se fu l ■ in  th e  c i r c u i t s  of. d ie le c tr ic  
a m p lif ie rs* ’but mot more* - .for a. powor«output stage  where th e  desired  .<-.■ 
v o ltage  -elmng#-< I s  larger*  th e  t o t a l . d ie le c tr ic  th ickness should he la r g e r  ■; 
so- th a t  - 4  c a r r ie r  voltage- "several hitse-e th e  output -signal m y  :h#: meed* : ■ 
f | ^  e lec tro d e  surface area--for a  given th ickness of d ie le c tr ic  
Is* .'o f course* dependent cm.the required  capacitance* -  .- If- th e  nonlinear 
condenser i s  meed i n  a.'resonant- c i r c u i t  a m p lifie r , th en  I t s  capacity  should 
,he:sm a|I* o f  th e  o rder o f lop. to  = assuming a  c a r r ie r  ■i&:
th e  range of 1 to  8 • Ik /s*: -: Since th e  d ie le c tr ic  -constant c f  f e r ro e le c tr ic  
used i s  o f th e  o rder-o f 4800 ~ 8800# th e re fo re  th e  dimension of th a t  : 
condenser w i l l  he very  s m ll*  approximately 0*1 -»* 0«& sq #cm* a t  th ickness - 
of th e  o rder of 0*01 cm* -Of course* th e  value of' th e  nonlinear condenser 
Is- re la te d : t o 'o th e r  eosjpo^mts o f the- c ircu it* - - ■ .
%m C onstruction and mounting#
I s  was mentioned befo re , the  nonlinear capacito r' su itab le  f o r  
C irc u it ap p lica tio n s  th e  M gh frequency and w ith  e m l l  s ig n a l voltage
must have small capacitance value and must be made from .'thin d ie le c tr ic  
so th a t  the signa l voltage grad ien t w il l  ba , adequate# The sm all dimen­
sions of the condenser presented a serious problem in  construction  and 
mounting. Two methods o f construction  of such sm all condenser were used# 
a)- i l r s t  method#
The desired  fe r ro e le c tr ic  d ie le c tr ic s  were prepared; in-the. form 
of d is c s ,  0.01 -  0.015 era. th ickness and approximately 0 .5  diam eter, 
applying the pressure method. Now, the d ie le c tr ic  sheets so obtained were 
painted  on both s id e s  w ith s i lv e r  paste  (Mat they  S ilv e r p a s te ) , A fter 
d ry ing , the pain ted  ceramics were f ire d  a t  the required  tem perature, about 
. 800*0, A s ilv e re d  sheet o f ceramic capacito r was cu t into sm all p ieces. 
Subsequently, a piece of ceramic was placed on a sm a ll:tinned screw head 
.and c a re fu lly  soldered t© i t  { sp ec ia l precautions were used in  the s o l-  
.ding procedure). Then screw was placed i n  a l a th  and i t s  head w ith fixed  
ceramic was robbed to  the required  dimension, u s in g 'a  number o f d if fe re n t  
sandpapers. The .capacitor screw so obtained was mounted in  a polystyrene 
block. The screw forming the m etal-ceramic junction  I s  one e lectrode  of 
the nonlinear condenser. The contact t o  the upper e lectrode  was made.’ by . 
spring  tension  from an adjacent polystyrene block. Both the blocks were 
made on & common polystyrene base. To avoid discharge between e lec tro d es 
through a i r  the spring -  screw junction  r e s  covered by polystyrene cement# 
.la  H g ,5 .1 -t. a i s  shown the eaapXetsd nonlinear condenser u n i t ,  compri­
sing  fou r screw type cap ac ito rs .
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NONLINEAR CAPACITORS
H g . 5.2.A. The nonlinear condenser u n it.
a / . -  four screw cap ac ito rs , forming one u n it, 
b / .  -  four capacito rs on a ccannon d ie le c tr ic .
2 / .  Second method.
The ceramic d isc  prepared as described above, of diameter approxi­
m ately 0.5 cm., was painted on th e  one side by th e  s i lv e r  p aste . The, 
on the o ther s id e  of th e  d isc  were pain ted  one, two or fo u r sp o ts , dependent 
on the required  number of condensers, comprising the completed condenser 
u n it on a  cannon d ie le c tr ic .  A fter dry ing , the painted ceramic d isc  was 
f i r e d . The s ilv e red  ceramic was soldered in to  the f l a t  screw head , as 
wa3 described in  the fanner method. The head of screw -  ceramic junction  
formed one conmon electrode and the s i lv e r  spo ts on the other side of 
the ceramic formed the second e lectrodes of th e  p a r t ic u la r  condensers.
In  th is  way, on the common sheet of d ie le c tr ic  a number of condensers 
were obtained. Subsequently, the screw -  ceramic junction  was mounted in  
the centre of the botton  of a polystyrene box. The contacts to  the  p a r t i -
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c u la r upper e lec trodes was made springs as i s  shown in  Fig. 3.2 ^  The springs 
were fixed  in sid e  polystyrene box, around the condenser u n it .  That box w$s 
f i l l e d  by s ilico n e  liq u id  or transform er o i l ,  i n  order to  p ro tec t the ce­
ramic against ambient moisture and to  avoid discharge between the e lec trodes. 
In  E!g.3.2,z. i s  shown th is  complete four condenser u n it.
Fig. 3.1-2- Nonlinear m ultiple condenser u n it  on a conmcn
d ie le c tr ic .
The f i r s t  method of construction  has some advantage over the second one. 
Namely, applying the f i r s t  method, condensers having very small surface 
area may e a s i ly  be made. Also, th e  f i r s t  method of construction  lends 
i t s e l f  b e tte r  to  c ir c u i ts  involving temperature compensation, when nece­
ssa ry , since two condensers having d ie le c tr ic s  w ith d if fe re n t Ouriepoints 
may be used.
fh© nonlinear condenser unit for de d ielectric amplifier circu its my 
possess considerably larger dimensions than those constructed for an a© 
dielectric amplifier, since in the f ir s t  case the carrier frequency may 
be of much lower magnitude than that normally required in the second case. 
The previously described construction of the nonlinear condenser unit was 
used for ac d ielectric amplifiers*
In Fig.$.2*3* is  shown the construction of the nonlinear condenser 
unit used in a de amplifier circuit
c„.
p
Pig*3*2.3, Construction 
of nonlinear condenser 
unit*
where*
On * nonlinear condensers 
% « Insulating block of polysterene 
p * p lastic
t  -  metal pins for connection to 
socket
u -  connection between condenser electrodes and metal pins*
The idea of th is construction was to make the nonlinear condenser unit 
as an easily  removable part of the circu it, like a vacuum tub©*
It seems that data shown in Fig*3,2.3* explains in a reasonable way 
the construction of th is condenser unit and further description is  unnecessary* 
For a higher power dc d ielectric amplifier of the order of 10-30 watts, 
i t  seems that the nonlinear condenser unit may be constructed in the form 
of a number of thin condensers packed in a block*
■ -12& .
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According to  the theoretieaX  d e f in itio n  of yK andyw ©xpre*
" s s a d  fey i^ la tio b s .: (2 .3)# ' (2*5)' and (2,10) these ssagoitudes were found, 
experim entally  fey the iseasiH^raeats of the increament o f c irc u la tin g  
cu rren t <$I and voltages Vn ©Ml£» $h© c ir c u i t  used f a r  the above
was ©horan in  $%& 3»2«1» •• w .""
Cz
B0
£lg* 3# 3*1. C irc u it fo r  js^asarsiasnta o f . and : \ ,  '"?
liie re  ,  ' ■ ' :' \ ‘
: ' ■ ■> B0 ** do. b ia s  b a tte ry
X«j , feg *• blocking inductances, 30 m H.
C<| ** condenser, 1/u
C2 * blocking condenser, 1yn-
Gn nonlinear condenser
Va  •» valve voltm eter
' . . 0$ _ <*. c a r r ie r  o s c i l la to r
L -  variab le  inductance (30 * 400 wH.),
A- * thermocouple m illiam ieter*
?  \  &0, vo ltm eter. ’
. The c o e ff ic ie n t # t^and/H  describe t o  p ro p e rtie s  o f ' t o  '■'■■ 
nonlinear condenser in  th e  v ic in i ty  of m  i n i t i a l  operating eondiiionj 
there  fe re  the determ ination o f th e i r  'magnitudes I s  of in te r e s t  from the ■ 
design of' a  d ie le c t r ic  am plifie r point o f .view* -.■■
She t e r m f a c t o r ' i s 'defined (2 ,22) as the change of o f circrala- 
. tdug cu rren t produced as a  r e s u l t  o f applying a  con tro l voltage increment 
^  # th a t  i s  ,;>'
JT
3w - o ther voltage constan t.
This factor was found by the measurement of the circulating 
current 1 9 with respect to  applied control voltage ?e. The circulating 
current was measured by a thermocouple ansaeter A and the control do. 
voltage by accurate do* voltmeter. The ca rr ie r  voltage was maintained 
a t a fixed value 9 ? t » 40 volts r.m*s. , changing the output o f the 
ca rrie r  o sc illa to r. \
The impedance z n w _ /jj i s  t o  dynamic impedance of the nonlinear 
condenser. I t  was defined (2. 27) as
Z* =
o r
i/fa* ~  ^* ~ S Vy, o ther voltage constant.
* * 1 2 8 -
and was f 0023d fey th® measurement o f c ireo la tiB g  cu rren ts  with respect 
to  &o. voltage across the nonlinear condenser, This measurement was 
conducted fey v a ria tio n  of tb s variab le  Inductance Ly, 9 to r  a  severa l 
magnitudes o f do. co n tro l Voltages, The c a r r ie r  voltage was maintained 
a t  ?t  w 40 v o lts  r,m .s*
The th ird  c o e ff ic ie n t /n. ,  was defined m  the re la tiv e  e f fe c t  
produced fey c a r r ie r  voltage Increments across the nonlinear condenser 
m  the  c irc u la tin g  current,, I t  was found fey the measuroment of the 
c irc u la tin g  curren t and a s . vo ltages across the  nonlinear condenser a t  
severa l magnitudes o f do, con tro l v o ltag es , % • The, c irc u la tin g  cu rren ts 
were varied  fey changing the variab le  inductance, The c a r r ie r  voltage , . 
was, as  before |  ?$ * 40 v o l ts ,  The ae* voltage across .the nonlinear 
condenser was measured fey valve voltm eter, The c a r r ie r  frequency was 
maintained a t  a fix ed  v a lu e , m 310 K c/s, .
The r e s u l ts  o f measurements ©f Cj^  , and p\ m  a  ..function 
Of dc. centred, v o ltag e , V© ere shorn in  H g . 2 ,3*2, 2,3*3 and 2.3*4.
Vor comparison purposes are calculated the e ffe c tiv e  equivalent .values 
of %, # % /h according the  re la tio n s  (2 .2 2 ,) ,  (2, 27) and (2,28) 
derived on th e o re tic a l considera tions, and p lo tte d  In Fig.: 2,32 -  2,34. 
The r e s u l ts  shew th a t  the th e o re tic a l c a lcu la tio n s  were corroborated fey 
the experim ental measurements to  a resonable degree* The mssdsmsi devia­
t io n  between the experim ental and th e o re tic a l values were found to  fee 
about 2 * 5 $  i a  the range o f con tro l and' c a r r ie r  vo ltages considered
3*3*2 *  ^ = ( Vo)»cowst. 
Frequency 310 kc/s©
C a 34-80 /y* F . 
Temperature 10 ° 0 above the Curie point.
«— experimental curve
—o----o—  theoretical curve*
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For h igher values o f ; con tro l and c a r r ie r  supply vo ltages may bo expeo- 
tod apparently  la rg e r  dev ia tions between th e o re tie a l and expesdioantal 
re s u l ts .  This was corroborated by prelindnsuy measurements. But th i s
Aan a ly sis  was derived fo r  r^soimbly small magnitudes of co n tro l v o lta g es , 
Vo, and i t  seems, th a t  i t  i s  s a t is f ie d  to  a resonable degree,
j; fhe ox^rimntoX C i « s  « |  (v*)v and^ /vi * ..f(Y*) exhibited
maxiimms, which are corroborated, by  the jft& oreiieal ca lcu la tio n s  (2,31}.
. Tbs .curves, ij » f  (If©) exh ib ited  l i t t l e  re la t io n  w ith ae» 
c a r r ie r  voltage .and fo r  the c learness o f diagrams only two are p lo -  •
t ied .
% 4# c ircu it of do* poser d ie lestrio  amplifier*
■ tHie experiments! d r o u i t  o f the do* p®p©r was construe-*
.ted .on  the b as is  o f v tb a ,c i r c u i t  shews. in  Fig* 2.2*4a» 3h* constructed ' 
c i r c u i t  i s  s h e »  i n  ilg*  3*4,1*
oOC5 O
O
no
”2. o
Hg* 3*4*1* .... Ifeeriam tial c ircu it of a do* d ie lec tric  amplifier.
2iLj as **'' tlie primary inductance*
Xg •  ill® secondary Inductance*
Xj * Ljf . * blocking inductance*
21 *► load resistance*
p o te n tia ls  t e r  100 
ballanoe* ' 
potentiom eter 1 
the nonlinear condensers, 
blocking condensers* 
bye pass condenser* 
b ia s  ba ttery*  200 volts* 
sig n a l ba tte ry*  4  v o lts .  ■ 
do* voltmeter* 
do. sdcro -  am® ter* 
c a r r ie r  o sc illa to r*  
geramnium diode* ■ ' 
output transformer* 
c a r r ie r  o s c i l la to r  transform er, - ■ ■ 
reversing  switch* ■ '
The constructed  dc. am plifier rep re sen ts  a  push » p u ll  tuned c irc u it*  
The m <joired.de, s ig n a l was applied  to  the experimental c i r c u i t  by means 
of b a tte ry  3s potentiom eter Rj* and the reversing  sn itch  SEj, Tkm b ias in g  
voltage'w as provided by b a tte ry  Bo and potentiom eter R^,
To ob ta in  a  balanced condition  fo r  c a r r ie r  c i r c u i t  &BQD the compo­
nents Oni # Gng* G.j* Og* &| and X2 had appropriate  magnitudes*
Ballano© i s  obtained by adjustment b ia s  ¥0 and re s is te d  Eg*.
Hi . -
%  . -  
%
0»i# $
0-j «*% a
Bo
Bs
¥0
G r .
Trt . *
^ 2  :
S8T| . <*■
**i
She transform er ^  was designed ©a a  to ro id  dust com 9 in  order 
to  s&aimig® losses* ffea number o f tu rn s  o f the seeondazy c o il  o f  the 
transform er was kept to  as small a  value m  possible  l a  order In  to'mini-* ; 
sdse-.tiid sh u n t' d is tr ib u te d  capacitance* hu t lim ited  fey the  neooeasity..".to : 
tame the resonant c irc u it*  l a  th is  case the primary inductance was
is .1^ 2 /nH* Ihe coupling coefficient was found to  he & a# 0* 7 *  fey means , 
of Q..«* m ater method*
: , The ca rrie r voltage was provided fey an o sc illa to r throagh transfor­
mer Trg* fkm fmqnancy of the ca rrie r  scares was adjusted to  the resonan*.' '■ 
c® frequency of the tank c ircu its  (Cnj * f Cng* %)« .©?» carrie r voltage 
was maintained a t a fixed value * ? t  * 40 Volts* r*a*s# (sea H g, 3*3*4)#
A simple demodulator c irc u it was used* comprising a crystal diode* ■' 
bye pass condenser C3 and a load resistance 2HW * For high impedance lo a d ; 
.diode 2 * \M5ij was used and for lew impedance* diode 113 *^
For the  experimental purposes, a  p rec is io n  nonreactive decade re s ts*  
t e r  was used * as a  load resistance*  2 1 l. «
She in ternal arrangement o f'the experimental do* d ie lec tric  aapli* :. 
f ie r  is-shown in  Big* 3*4*2* * in  which the potentiometer &}# 85 lead . 
resistance (281, ) arc not seen * since those were externally connected*
• For comparison purposes and ©hacking the derived analysis*  the 
voltage and the power gain  as a  function  of load  res is tan ce  21 u w ith ': 
disconnected demodulator was measured* For:.; t h i s  purpose * to  the in p u t o f . ,. 
the  d ie le c t r ic  am plifie r shown in  Fig* 3*4* 1 * was applied the fixed  value .
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of dc, signa l voltage 2 v o l ts ,  and the load re s is tan c e  2 R (cormec-
ted  between A and B, see Big, 3*4*1*) was varied  in  the range from 10^
6to  10 ohms, llie output voltage was measured by means of an oscillograph  
connected across the lo ad , 2 R^ .  2h@ re s u l ts  o f the measurements of
<**> xmi
Hg* 3*4,2. In te rn a l connection of the experimental do. d ie le c tr ic  
am plifier*
voltage and power gain were p lo tte d  in  H g . 3*4*3* In  the same graph 
was shown the voltage and power gain as a function  of the load res is tan ce  
2 R u ,  ca lcu la ted  on the b asis  of the  formula (2,52) and (2 .56), In  the 
th e o re tic a l ca lcu la tio n  the principal da ta  used in  the experimental c i r ­
c u i t  was taken in to  consideration* As can be seen from the graphs presen­
ted  i n  Big, 3*4*3# ,  the th e o re tic a l re s u l ts  were corroborated by the expe­
rim ent , sine© the dev ia tions between these curves may be assumed.to be 
sm all, tak ing  in to  consideration  the e rro rs  introduced in  the measurements.
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As east W seea from tta  curve QP= f < 2Rv-) ,, tha maxlMi® fewer gala
m m m  a t  about & 1 ft SOOOO ohms* f k is  value i s  i n  agreement w ith  11m 
f o rm la  (2 .5 3 ), derived .from th e  th e o re tic a l  c a lcu la tio n s  (see .d a ta  shown 
In  tab le . 110*3.4,1.) from the.graph# Gp=f ( 2Ru) ....( f i g .3 ,4 .3 ) i t  .follows 
th a t  the  voltage -gain Increases a s  th e  load re s is tan c e  { f  1 L ) 
i s  increased  and, tends t o a ; steady value when- & 1 L a t t a i n s  a m g s itu d e  
# f  the order o f ' ! #  aims* .
; ;$**. order. ohoch the .derived #<jmtions:,Ci;*§05.-and £2*31). 
expressing' the  n o l o a d  voli&ga gain  referred , to - th e  secondaryy/tb© 
f o i l  w ing  experiment was performed*. _ln th e  experiB sntal am p lifie r c i r c u i t  
s h c » , i n ;f ig * 5 .4 #l . |  .Instead of th e .lo a d  I  I L and t h e .demodulator*, a  high 
impedance valve vo ltm eter was eenaeoted across the. secondary term inals of 
'the  output t r a n s f e r o r *  Subsequently,, m aintaining a .f ix ed  value, of, th e  
o a r r ie r  v o ltag e , * 40 V* (r .m .s» ) , b ia s  vo ltage f- pO, v o l ts ,  .and-. 
inpu t vo ltage 2 v o lts#  the  frequency of .th e  c a r r ie r  o s c i l la to r  was v a rie d . 
From th e  ,reading#, o f tho.y&Xw# voltm eter .and .input vo ltage  the; vo ltage .■. 
ga in  m i  ca lcu la ted  a s  a 'fu n c tio n , o f the. c a r r ie r  frequency. The .resu lts  
were p lo tte d . in  fig *  3.4*4*.;... Furtherm ore,. f o r  comparison purposes#: the  
vo ltage  gain  was calculated from ..the th e o re tic a l  formula, expressed by /  
equation, (2 .4 9 ) . ; . in  t h i s  calcm lation ,th#: same .value#, o f param eters a s  i n  
th e  e^p^rrlnnBxiM vee.ei- ; ■. From th e  graph p resen ted , (F ig .3 ,4 .3 .)
i t  fo llow s th a t  th e  th e o re tic a l  r e s u l ts  were corroborated by the  
experifflent*
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Jfe$t th® m  lo ad  voltage galm (re fe rre d  to  the secondary) as- & function  : 
o f the transform er tu rn s ra tio s^  n9 a t  a  fixed  mmb®p of* the  primary 
. tu rn s  s j  |  was measured* Hie same c i r c u i t  a s  i n  the former experi­
ment wm used, f o r  a  d if fe re n t  m ir^er o f the  secondary turns* the no load  
voltage gain  was ca lcu la ted  frcm Use readings o f the high .ispedauee valve 
voltm eter conns <rted across the secondary and the  in p u t vo ltage, She . oar-* 
r i e r  voltage was kept c o n s ta n t ,? ^  * 40 v o lts  (r*m*s. ), The r e s u l ts  were 
p lo tte d  i n  fog* 5,4*5* »... from which i t  foUmm .th a t  the voltage gain  ' 
decreases fo r  tu rn s  r a t i o  h igher than  about 5 f i n  the case considered*
7
5
3
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o
o 1 2  3 4 5 6 7 5 n
Ra t i o  of **»«■ secondary to primary turns, n .
The expression (2*52* ) s ta r s  t h a t ,  although the transform er m agnifies . 
the gain  by the fa c to r  n  * i t  a lso  shrinks the  load  by the fa s te n  n2* g 
Tills la tte r-  o f f s e t  tends to  redone the gain* Ib is  decrease o f the ro lta g e  
ga in  i s  caused a lso  by r e a c t i o n  ©f the c a r r ie r  v o lt  age across the' nonlinear,.;
is
condensers and # 1© to  increase  o f the d is tr ib u te d  capacity  o f the  secondary ' 
coil*
Conclusions*
Jk sp ite  o f  la rg e  approximations introduced i n  the an a ly sis  presented* 
the experim ental r e s u l ts  are w r y  c lose to  the th eo re tica l*  T h e re fo r  *
I t  sees® th a t  th i s  ''analysis based on the analogy ©f th e . rm m m  tubs ©ay . ■ c 
f in d  s o t-  ju s t i f ic a t io n  in  a  sp e c ia l type o f a  'do. di e le c t r ic  aiii& ifier 
under tli® assumption mad® in  the coarse* By th is  an a ly sis  s o t  p ro p erties  
o f a  d ie le c t r ic  am p lifie r c i r c u i t  may be p red ic ted  and s o t  f  o n #  Jdaa fo r  
d©si|pi o f such c i r c u i t s  obtained* The, ga in  pcner about 60 db , obtained by 
such s im p le .c ircu it*  seems to  be qu ite  h i# *  I t  seems, th a t  the  g rea t 
expecta tion  may be i n  the  dewlcpment o f do* d ie le c t r ic  a s id if ie rs*  ,:
T h e 'c a rr ie r  frequency fo r  the do* d ie le c t r ic  am p lifie r may be of the order '■ ■ 
of hundreds o f  k ilooycles to  hundreds o f cycles. The noislinsar condensers 
can be used w ith  h i #  capacitances* and large  dimensions* Therefore # the  
power, transferred by such an am plifie r may be ©f the order of ten s o f .watts* 
l a  the  case o f w r y  low c a r r ie r  frequency a r is e  d i f f ic u l t ie s  in  the in su la ­
t io n  o f the co n tro l loop from the c a r r ie r  c u rren t.
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- ;. In  th e : model described prsviouslyy th e . carrier;,, frequency . 310 Jfa/s,.. 
was used, but th is  was . chosen onXy i r a a  Becessity,  since during, the study 
the available.-condenses prepared, were of - small sizes* The us® of four ., 
nonlinear condensers in te a l o f .two ? -as was used- in  the experimental model^ 
,appears;t© b®-e^ia|roWBpnt*,. , , :v. :> ...
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% % • E^erlraental &c. d ielectric amplifier circu its.
3* 5. 1# Single stage.
: ' In Wigm 3* 5*1* i s  shorn the circuit of a single stage, experi- 
mental amplifier*
— 1|--------•
L-o r
output'
i n p u t .
i1(
^ig* 3.5*1* Circuit of the single stage, experimental d ielectric  
amplifier.
where « Xg 38 30 blocking inductances |  I t  tuning o o il|
% « 10 x 10 ohms; % » 0*5 x 10 ohms; Bu -  load resistance; 
Cn^ j ,Cn2 ,  the nonlinear condensers; G^  « 3 -   ^/Y *^  var^a^ °  
condenser; Q s . * 500^ P 7by* pass condenser; C2 « €4 » 
blocking condensers. Oe f *> germanium diode*
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\  Tkm tim et e ircu it eansistiBg-of Inductasisa.'ecjii %  p ara lle l with
the two nonlinear condensers i s  tuned slightly ' o ff 're so n an t to  ca rrie r -
frequency, fa , Namely, tho resonant tank c irc u it i s  tuned to  frequency
about 1 % higher than'the ca rrie r frequency, Cg Is  a coupling capacitor
and keeps the do* bias source, Bo, out of the signal* Lj i s  a blocking
inductance for ca rrie r currents .and also can serve to  tune the. input d r *
* • 
cu lt. Tkm nonlinear condensers Pa’s ,  are p ara lle l corrected with respect
to  the signal voltage and series according to  ca rrie r supply, to  allow the 
increased magnification coefficient of the amplifier# For the experimental 
purposes the b ia s , end'tuning inductance 1$ were mad© variable. The reso­
nant inductance was a slug * 'tuned solenoid having 73  turns of 0,35 am...'. 
enamstLed s ilk  -  covered wire m  ft 1*5 cm# st©s$it© co ii fana, Hds gave 
an inductance; of between 0,035 end 0,047 with a Q of 130 a t 2,5 Ms/s# 
with 1 0 :  . condenser*. Maximum gain was attained with about 70 volts 
b ias and a ca rrie r of about 40 volts (r,m ,s .) across the nonlinear conden- 
sers in  the tank c irc u it. Maximum gain was achieved with about 70 volts 
bias and a ca rrie r of 23 vo lts  r.m,s» across the nonlinear condenser,
The suitable bias voltage a t which ferroe lec tric  material a tta ins maximum . 
s e n s itiv ity , S ». «cs , n a y  be found frm  the graphs shown in  the Fig, 
4.5*1* -  4 ,5 ,3 , (; Part X, chapter Y ) .  j
- In  F ig ,: 3*5*2 , i s  shown, the in ternal connections o f;; th is  am pli-. . 
f ie r ,  The ca rrie r  source used was a simple, grid tuned oscillator, using 
a 6 V 6, tube,- Ihe -output of the o sc illa to r was' tunable between 1,5 and
3 Me/s. and output voltage was variable between 20 and 130 volts approxi­
mately. In th is  case, the ca rrie r supply source was designed as a current 
generator, (see, section 2.6) capable of delivering high current.
Fig. 3«5*2* Internal connection of single stage d ie lec tric  amplifier.
Fig. 3 .5.3 shows the single stage d ie lec tric  amplifier with the ca rrie r 
osc illa to r. Hie separate osc illa to r was designed here for the experi­
mental purposes only.
Fig. 3. 5* 3. Single 
stage, experimental 
d ie lec tric  am plifier 
with the ca rrie r 
o sc illa to r.
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: t o ,  distract e r is t ic  data o f: the,, constructed,; single. stag® amplifier ..••••' 
are l is te d  I n  table .3*5*1* (see appendix We. 4.}. /,
■-■-In f ig , 3*5*4 i s  .shown the,power gain as -a' function of load resistance, 
R u , fo r the amplifier described previously. The power output was measured 
.from the modulated carrie r wave by m m s  a cathode,.ray oscillograph, 
connected across the load resistance, B,.... the demodulator was disconnected 
from the circuit* the diagram, plotted'by a eomtinous lia s  corresponds to  
t o  experimental data obtained from the measurements. The diagram drawn 
by t o  dotted line was obtained on theoretical calculation according to  
formula (2.3.26). I t  seems, tha t t o  deviations between to :  theoretical
and experimental results are reasonably small, taking in to  consideration
' t o  approximations which m m  introduced to  t o  analysis. .
As can be seen. f!roa. the experimental resu lts  presented in  Big. 3*5*4* 
the maximum power gain was attained for the load resistance, a t about 
Bl m 13000 ohms. The best value .of. the-load resistance follows from the 
theoretical curve occurs a t about Bu « 17OOO ohms as can be seen free the 
graph, Big. 3*5*4* t o s  difference between those values in  view of t o  
apprec ia tion  introduced in  t o  . analysis, i t  seems, i s  reasonable small.
I t e t  the power gain as a function of -signal frequency was examined. 
Hie dielectric, am plifier, sham in  H g . 3*3*1 was loaded by a resistance 
Eu a 15000 ohms and the output power was. measured as a function of the 
signal frequency. The input voltage was maintained a t fixed value,
Vs 9  1 v o lts , supplied by' a signal generator*. t o  resu lts were p lo tted  :
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in  Hg* 3*5*5® (curve A), Comparing these are su its  with the theoretical 
frequency characteristics* obtained previously (chapter 1 , && 1*4* 7*3*) ^
':■'; Show good'agrftcWxdi*'" -  ■ .•■■;
..., 3*5,2. Two stage ac. ' d ie lec tric  am plifier c irc u it.
: After; construction of . the single -  stage am plifier, two * stage 
'■ -amplifier'was co n trac ted , using the smm principles. In  H g. 3*5* £ i s  
shown the two' ~ stag# experimental cileXectrio am plifier, containing ©as 
■; stage of voltage and one. of pokier am plifier*,The output stage of the 
am plifitr was made as a pash -  p a ll d rc a it*  The f i r s t  stags of the- ampH«*
: Tier i s  sim ilar to  the single ** stage am plifier da scribed p^viously .
The signal voltage i s  applied in  the same phase ©n the nonlinear co a ted  
■ ser u n its  In  both stages* The Mas I s  applied' i a  the opposite. polarity ' , . 
■.;T" to  the m © lim ar :e o n to ^ r  u n its ' i a  the pash **; ;pull s ts^^ 'T here fo rt^  , .
: ■• the signal voltage i s  added to  bias voltage ©a the nonlinear condenser 
■"■ connected l a  case branch pf. the c irc u it ,  end ia  the other am  of the : 
pash * p u ll c irc u it the signal voltage i s  'subr&ctsd froa the bias voltage* 
Thus, the amplified voltage on the re s is to rs  Rg and By appears in  opposite 
phases*. T h is.is  achieved here without the .use of a  phase inverter c irc u it 
or centre tap transformer, as i s  necessary in  vacuum tube cireraitry. 
j However,;, theo re tica lly  the same resu lts  may be attained in  th is  case by ■. 
tuning. ©no of the resonant loops in  th e ; push > pull c irc u it 'to  higher ■
n
;;. .and the other to  lower . frequency than the. ca rrie r  frequency,.maintaining
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the Baa© polarity  i s  the two cosdenser un its . Bat, the p ractica l expi- 
riene© during t o  course of study exhibited, that such oasea.de i s  very d if­
f ic u lt  to tuns. The connection of t o  cascades was mad© by an autotrans- 
former Tr. with transformatim  ra tio , n s 1 : 3» t o  lead was connected 
via h i #  impedance output tr&mfGzmVj Tr2.  For experimental parpens 
only re s is to r  £ was used m  a. load in  the secondary ( ^rg)* Detection 
of signal was made here in  a sim ilar way as in  the previcu&Ly described 
amplifier circuit*  la s t ly ,  by means of germanium diodes, bye pass conden­
ser and re s is to rs . Here* fo r experimental purposes only two separated 
external generators were used as t o  ca rrie r sources ( Ot-$ esfi °t2)*
In Fig. 3*5* 6# i s  shown a v!m  of  t o  in ternal connection 
of  a two stage am plifier, t o  output transformer i s  not seen as I t  was 
connected separately for t o  experimental purpose only.
Fig, 3.5.7. Internal connection of a two stage experimental d ie lec tric  
am plifier.
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t o  ch aracteristic  data o f the t m  stage am plifier described are lis te d  
in  tab le No.3*5*2 (see appendix No.4).
I n  F ig. 3*5*5 (oursre ®) the ch aracteristic  o f the power gain as a fun­
ctio n  of t o  sign a l frequency i s  p lotted  for t o  experimental d ie le c tr ic  
am plifier shewn in  H g . 3.5.6*
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3* 6* In s tab ility  ©f a d ie lec tric  amplifier*
the
l e s t  of tbs disadvantages of ^ d ielectric amplifier, are i t s  in sta­
b i l i ty  due to  exist©roe of ageing and Seagoing pheaoiaenon of the ferroe- 
Xeciriog* in  the present state* Measly* a f te r  the application, as a fte r 
the removal* of an external do* field* the pers& itiviiy of polyery&ta- 
llin e  barium and barium -  strontium m statitanates does not take on a 
defin ite  constant value is» d i& ts ly , feat does sc only a fte r a not inconsi­
derable delay*
i t  was found 'th a t the application or removal of m  external 
f ie ld  involved a sudden increase of perm ittivity  in  a ferroe lec tric  up to  
a certain  maximum* followed by a s im  decrease* However* on removal of the 
field* the decrease of perm ittivity  proceeded a t a lower ra te  than a fte r 
the application of the do* field*. She maximum value of DU the delay- 
effec t increases with the in tensity  of the field* Similar re su lts  were 
obtained for barium -  strontium sset&titanate ceramic and* what i s  impor­
tant* also for BaSiOj single crysta ls. For weak fields* the maximum value 
of perm ittivity* £ max. * i s  almost proportional to  the f ie ld  strength* 
ffee re la tive  magnitude* 6m<*xy/g a t 1000 V/om* was found to  fee about 
1*5 -  3 % in  the ( la  + Sr) T±0  ^ ceramics*
Further* observations showed that a fte r a longer period of time 
(•see pt.chap* HT, part I}* the perm ittivity  decreased permanently and 
tended to  remain constant* approaching a level below the in i t i a l  value ■ 
fey application* or a level equal to  the in i t i a l  value fey removal of th©
f ie ld . The difference between the in i t i a l  value and th a t when applying 
the field*  increases with the la t te r  and also depends ©a th© thermal and 
e le c tr ic a l h istory  of the sample investigated*.
%e loss tangent varied in  a sim ilar manner to  the perm ittivity* 
approaching w ry  nearly i t s  original value a fte r periods of up to 3 -  7 minu­
tes* a t temperature 10*0 above the Qurie point* and a t th a t time the capa­
citance has changed the greater part of i t s  eventual change. The vaxiatioa 
-of th is  " creep® effect wm larger below than above the Curie point.
The changes in  th© perm ittivity during the superposition of an 
e lec tric a l f ie ld  are not instantaneous m  applying the tension* but re la ­
tive ly  slow variations take place. When a superimposed f ie ld  i s  applied*
/
th© psrs& ttivity has a t  first, m  increased value and then f a l ls  a t a 
diminishing ra ts  to  a lower magnitude.
Th© frequency and voltage do not exhibit an influence m  the varia-\
tion  in  -permittivity observed*
The in s ta b ility  ©f a d ie lec tric  amplifier i s  very dependent on 
th© switching on and off of do. biases (when hi as voltage s i^ ia l voltage). 
I f  the do. bias voltage i s  kept unchanging, th© s ta b ili ty  i s  very such 
b e tte r than when i t  i s  switched o ff and then on again. In  a  constructed 
a .0. am plifier (Fig.,3.5,1* ) the s ta b ili ty  over a period of 2 months for 
unchanged bias eoriaitions t a d  approximately 5 t® $ % txm  th© orig inal 
measurements during the me^iened period. The temperature during th© mea­
surements was sustained a t approximately the same level with a difference
*  2 * S . Th©' measurements' were mad© 3  minutes 'after 'th e  - application, ©f 
*&. Input signal* ’ Therefore* a t  the present' s ta te " ©f: development ©f 'nC 
ferroe lec tric  materials* 'd ie lec tric  ©mplifleraan not be used for accurate 
work, since' i t  requires: frequent recalibrate mv l a ' present a d ie lec tric  ' 
am plifier may ®t> ; f l a t  - Mem ' application in  ■ the case *' where stability- in  
not re paired for a  long period* : Of course such application i s  very Ited - ■ ' 
ted* ... ■■■■'.'■•. ■ ‘ :: ::V" ‘-:;' A
3*7*.'. ■'Omdusions* :
■ <Th© principle of operation of ®mm types of a ie ieo trio  amplifier
it
c ircu its  has been given in  previous .sections* toy, , i t  seems;, tfeat^is of 
in te re s t to  give tbs. -general properties, of these amplifiers end to  -deduce.-.. 
B®m m m lm im *
Most of the disadvantages ©f a d ie le c tr ic ' amplifier are- i t s  in sta ­
b ility *  due to  the existence Of ageing and reageing' phenomena of ferr©- 
electrics*  in  th e ir  present state* She most important disadvantage of 
the application of ferroe lec tric  m aterials frm  the d ie lec tric  point of 
view seems to  bes
. a)* ageing and restoration  .phenomena* 
b)* , teipperatuam' seiasitivity*
, ©). d ie lec tric  losses*
d)* frequency limitations*
#)* d ie lec tric  noise*
&) ' As has' hem  explained previously (chapter'V, pb*X) the d ie lec tric  ;; . 
constant 'and ’ loss tangent of a ferroe lec tric  are- --a function -of.time.*. both, 
the pea^mittivity 'and - loss tangent decreasing- with ageing- t ia e  in  a  men* 
l^ourront mnnof. ■• I f ' a f t e r  a  certain- ageing h im ' sufficiently-..-large- - 
e le c tr ic a l f ie ld  i s  ’applied, these taro parameters w ill rise' and w ill them 
decay again as ■feef-or#* : •; v % 'using a special ywpamtifm of ferroeiaetrio 
m aterial | : so© - p& * X# chapter T) i t  is; possible to  decrease th is  effect ■ ,.- 
of agoing, '"but Cimltansoucly' nom iM lridm l properties of a  ferroe lec tric  
are-also  ohaBgedi fo r instance# seiasltivity. t o ' e lec tric  f ie ld s , etc* 
b) . This i s  mh of great .significance since eerfcalm techniques- may be 
u til is e d  to  compensate e ith e r  p&rfciaXly or in  fu l l  fo r varia tion  of 
parameter® in. the range of I© ■*■ 4G%f fo r  example* the- us# of some 
additives fo r temperature- ©ompansatiom or heterogeneous mixtures of 
ferroelectric#* •
e) The d ie lec tric  losses, m y be decreased to  acsa# extent hyusing a 
special preparation of ferroe lec tric  material# For- instance* i t  my be 
attained  by th# ms# of very fin#  powder# of mw m aterials and com 
additive# (s0# pt*l# olm|t#r. II#) '
d) l a  the present s ta te  of experiments * some ferroeleotrio  m aterials. 
respond to  aodmlatloaa up to  S(X)0 US*
^ ( w . i r u s )  '
e ) Prom the ©s^arlmojfts oaw ioa oat % sow  mnibar o f im rastlgators ■ ■
i t  appears tlm t d ie lec tric  noise is  I w  compared with th# noise in  other 
sim ilar amplifier# (as transistor*  magnetic) hut th© work done so fa r  i t  
m b su ffic ien t to  deduce an «s&et picture of the phcnossm and th# m lu# 
of th# noise generators* More investigations In th is  f ie ld  are necessary*
Th# lew level lim it of th# d ie lec tric  am plifier has not been determined to  
date as the basic cem sics vary ecasiderafely, depending on th# compositions 
m®i to  bring out 'different efearsurberisties* "
Further disadmiitages of these amplifiers. hr# th# dependency of' 
thi-: power gain and phase sh if t on the amplified signal frequency* and the 
ffla tiv e !ly ‘low quali%  f ^ t o r  due t#  d ie lec tric  iosses*
aibsequently* a d ie lec tric  am plifier requires a  high-frequency 
power supply*'
" '■fbs m ist advantage of the d ie lec tric  am plifier stems to  be l t s  
high 'input hspedance and high power gain* Unlike th# tran s is to r  am plifier, 
which has a re la tiv e ly  lew Input and. high output impedance, a d ie lec tric  
am plifier has high 'Input and low output impetoce* 'time' 'Mnlalsing power 
drawn from'the signa l source to  fee amplified* . . The. low output impedance
enables the amplif i e r t o  fee coupled e ffic ien tly  to  other stages* even through 
a.'long oafel#*Using currently available ferroe lec tric  m teria ls*  a power 
gain of up to  10® per stag# ©an fee attained with ca rr ie r  frequency to  10 lU/s* 
(an a#,type, o f . . a i s f l i f | e f ) f ; This m f  -.fee asm w d as a  highadvantage* .
" /  p ie le o tr if  am plifiers alone* using .no ;vacuum tubes* avoid the- serious 
disadvantages caused fey the fac t ..that the l i f t  of a vacuum tub© Is- lim ited *
. -1 5 8 -
and th a t shocks or vibrations are dangerous to  such a tube* also e&cto- 
phonio effects do not exist* *Eha advantage of a d ie lec tric  amplifier i s  . 
in  the fac t that such an amplifier lends i t s e l f  exceedingly well to  minia­
ture sealed assemblies, having an indefinite l i f e  and being extremely 
ragged* Ihe packing p o ss ib ilitie s  of a d ie lec tric  amplifier offer scraet-. 
hing th a t i s  not possible with magnetic c irc u its | fo r nature made magne- - 
t i c  fie ld s  di verge nceless (  div B s  o ) ,  so that closed paths -  ring or . 
shell are needed fo r th© lines of flux , whereas e lec tric  fie ld s  can s ta r t  
and stop ©a any material within'which we © an mobilise charge ca rrie rs . "
■; I f  the properties- of ferroe lec tric  materials are improved then :an. 
extremely v ersa tile  high power gain d ie lec tric  amplifier with high input 
impedance and low output can be b u ilt up, which may f i l l  a gap in  existing 
electronics apparatus* ,
I t  seems tha t commotion of transisto rs with d ie lec tric  amplifiers, 
may be carried on in  the hope of obtaining apparatus withcut vacuim tabes* ■ 
I t  seems th a t the greatest expectation i s  in  the development of 
do* d ie lec tric  am plifiers. .
In spite of the disadvantages a t present the future of the dielec­
t r i c  amplifier i s  indeed exciting, although somewhat over-shadowed in  
recent years by developments in  the f ie ld  of transisto rs.
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V' ' :' In ten d  nation o f the . locus" o f . the . tips'.. Of'mIner
: ; hyste resisloops.’\ ' ■ •'.'■/!•■
; To investigate the behaviour of the Mnor dieTeotrio hysteresis 
loops' of ’ the nonlinear condenser m  a function: of th® ' a® . component of .: 
yolta^e. and the do /b iasing  voltage applied across i t*  the loops are 
displayed m  a cathode, ray oscillograph haviag a screen of diameter 12 . ©aeh. 
Fig. . 1 shows the .. c irc u it which was used ’ i n ' th is  in rss tig a tio n .
<z>
0 ;i-  (poses*;c® elUatcr:i.M;; . ■ 
04 . * ,  tuning .variable .air  condenser.
02 .«*■.■ p u n tin g , capacitor., 
Oj »• sobstandard capacitor 
C& «• nonlinear condenser
—1 60—
r .. E ■ ^  bias- .eonirol potanticifaeter t  ,«* 5® &oh®s ; v
.1*3 »  blocking inductance 5® A V ' ■'.;
; 4^ aM ;ig  ** ^id® band amplifiers ■ -
\ ■■As®Eoing; th a t the capacitor has 'negligible lo sses, the:''instants^
: mms  voltage 'across i%? w ill b© d irec tly  proportional to  the charge m  ''
■ it*  ’ Since this- condenser i s  connected in  series with;: the nonlinear cai&ea- 
: s$~§' ®n# th e re fo r  , t h o  same current flows through 'thesr end the charges .
■ <m the two capacitors can d iffe r by a constant. Therefore the .*©,'voltage 
; across the ©oMonsJr Gj w iH Aprcportienal to  the charge ©a the nonlinear
condenser. Shea®* voltage across condenser C3 was a l l i e d  through ampli­
f i e r ,  A| to  th#' v e rtic a l p lates of the • oscillographs| the 'voltage across' 
the nonlinear condenser was applied th ro n g  am plifier. Ag, to  the horizon­
t a l  p la tes. In the case when ;the bias i s  zero, the hysteresis loop i s  sym­
m etrical .and the poin t, 0,  •■representing the. average charge 'and -average ■ 
voltage fears  given loop I s  the geometric centre.of the loop. But whan ■ 
the bias voltage i s  not zero, the loop i s  umymmstrical, and the p o siti­
ve and negative peaks of voltage and charge are not equal. ; To" determine 1 
th is  point 0 ,  a peak valve' voltmeter was used t© erasure' - the pa&kac. ’ 
voltage across condenser Cj and respectively.The position of the point
0 , for every loop was. obtained fey. measurement of the peak vOltage.-across
the noalinsar comLswmr Cn linear C3 r e s t i v e l y ,  at an equal but
of opposite p o la rity  bias*
la  these jaeasixreiamts great care was taken to  avoid the phase 
sh if t between the voltages applied to  the d ifferent pair ©f deflecting 
p lates of oscillograph. Since, i f  seme phase sh if t assists between the 
horizontal and v ertica l p la tes , i t ;  w ill cause a  change of the actual 
hysteresis loop, namely, the loop w ill become wider or tmsxm^Vmn the 
actual one. A phase' -  sh if t network was used fo r th is  purpose and no 
phase s h if t  was observed in  the investigated range of frequency.
The tip s  of corresponding minor hysteresis loops were marked 
d irec tly  on special transparent plate placed against the screen of the
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fablo ( Ho* II . 3* ) for determination the maximum points on resonance
curves ( A0as a fus^tiGii of A, max.)*
0.
I
■Z
; a  
4,| 
5. 
6.
a,
'/3 7 a
■m * -
3 y  +  j i l S ® + @
2LYt2
3 £ r*a,v
® - @
V W  =  flo
m m m t m . (%. 4*15 }*
* *&iioaa3l Ifaaaftioa i f  A,f # - ~
thei^fe© 2 to* *^7 J ^  reprdaoat as'
(a + b -^ —) ± 1 — (c +<*-£-)n . /  2 /FT n /
«t&v$
’ &» 3A £ ^ i/ l
' b* 6jiA?0L
_ avL  _ ±  * 2 h
L2* fl,3 L3
* . .  3RxfiAoOS* . 3
®F
c/CJ*. I
o! Rt '  tfCdthfiT
L*
2 (an + b-p) n^" t  (cn + <*-p)
jfar, _^A _ =0  i f  ^W f/fT-n  - 0
n # 0 far' &i$r psB liiw  vsdUxd of A0> sim # (l*W7*
M  dn, _  3 f l o N - *  - - s M * ) - 3/ * ^ -2a.-3Ro>)$>
' dfl. ~ ' ( 3 / 2 / u p J 1
* ■ •  - & - ’ °  l f  B. - - V W
) «9 bflV?
Tlmmtmm-
1
-168-
T &&1\@,. He,
Control : Voltage . ?c a ■ 0 volts.
Carrier 
voltage. 
(Vt) * 25 *5  1 2 3  5  7  8  10  12  15
10 *477 •40) *254 *331 • 322 (nax.of4*5 at «322)
a* •148 *23p *279 '.*294,.
15 . •435 »575 *342 * 332 *332 (mas. of 6*5 at *339 )
0  *204 *263 *284 * 314
2 0 •469 *394. *355 *341 *341 *352 * 356
-  *165 *249 *272 * 30? *333 * (max)
25 •418 *367 *346 * 346 * 357 (max.of 9*0 at *370)
*088 *228 •261 *300 *332
S> •437 *378 • 358 * 351 *361 *391 (max.of 10*8 at *397)
-  *207 *250 *294 *32? *379
40 •400 •373 * 361 *369 * 377 * 397 * 423 (nia.of 13 at 7 3 6 )
*162 *226 *281 *319 * 336 *373 * 411
50 •421 *370 407 *403 *427 *470
•0935 • 270 366 *366 *405 *467
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T a b l e  Ho.
Control Voltage m 150
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n m  1 n  g
■ C u rrie r charge ( ' 5) as ‘a  f-amotion of con tro l Tdltaga (Vc ) , a t
. .various. nagnttada. of. c a r r ie r  voltage (Vt)* .
Oontrol' / r.•: ■ ■ ■ Carrier- v o l ta g e ; gg ‘
•/ % / 25' 30 40 50 - ;
irc lis  ., volts*
0 k. 7 95 : ’ 1*3 .1*6 . 2*0 2*3
" 2*"i" .
100-': - ■.'V-*:'1 ' ; 3. 85
1»  1*5  ^ :: 2*15/ ' 2*7:7- 3*6 g - ' *^25 ''' 5*5 T “ '
175 2*3 3 .4  3*4 6*8 -
175; , ; .....>  ...■ 8*5 ■ •*, g. • ■
150 g «* g«* ■ gg’:g » 5*3 8*1 ..
lOQ ■■•»■" ■ 10*35 -.- ' 9*6 8*6 -
75 ■ . «* **.. 10*6 ■ .9*55 :
0 ,g  9*7 ';3. ;"V:
0 ..-■■#■ : '.-.f*.. ** ^  • 11 *45 ' / ; .11* 7 '"
75 ■■■ %'■"■ — ;,'■*■ -g-"..- ■ .- .* : ' gg 11*6.. :-
100 ■ ■ . «* ■ . ■ <* 10*55 11*2-. 11*55 jgggg.gg
1 5 0 . V.;.■ ~ g: ;; 10#2 ,10*7.:-;v; 11*15
175 -  . ' -  ;g ; : . 8*75 g -  * , '; ;■•/■:<* ' 1 ' , ^ , g \
200 3*$ 5*2 6*9 8*5 .  $^ 8 10*3
225 1*7 2*9 M 7  7*0 : 7*85 * 9*8
-173-
■ ■ J k p p ^ n d t x  Ko. I l l ,
Mcasureiaant o f the  amplitude modulated c a n d o r  as a  functicm 
o f th© r a t io  o f s ig n a l -  to  «• c a r r ie r  frequency.
Ih© c ir c u i t  used In ' t id s  e^xii& c& t i s  shcra  in  Big. . I I I .  -1.
C. R. 0.
Vo o
o
0t . .«* blocking inductance and capacitance
X Q,
%
Of
r e s p e c t i v e l y ^  L ,  *  3 o  ** H , C ,  »  I yn F
■*. bias, battrjj, 100.v o lts .
nonJinesr ecndensar . 
m s ig n a l source* o s c i l la to r .  : ■.;, 
m. c a n d o r . source * power o s c i l la to r .  
ho  yviH.
H 
H
- 1 7 4 -
■ A : -  " • wide band amplifier. .
1 > 2  3  5/viH- '■
£fae r a t i o ; o f (Bee e q*1 *4.7* ) was calcu lated  from,. th© ©s asu-
remanis o f .tb s  envelop© amplitudes* which appeared on the screen o f th© 
cathode ray  oscillograph* a t  a  given s ig n a l frequency ©M a t  50 % •
That c a r r ie r  amplitude was kept constant during th© experiment a t  a  
m f t IcientX y s n a i l  ..value 25. v o lts*  r.m .8 ,)*  th a t  the c i r c u i t ,
capacitance m y  be considered to  be constant throughout cm cycle o f 
the c a r r ie r . ' the  c a r r ie r  frequen^r was held  co n stan t, fo r  a  given c i r c u i t  
' q u a lity  fa c to ? ,  Q, according to  ©qaati©n ( i .4#7.42) ,  namely .
where
. 6do -  n a tu ra l angular frequency o f  the  c i r c u i t .
Q -  q u a lity  fac to?  o f th© c ir c u i t  
1 * c a r r ie r  angular frequency.
, Th© sig n a l voltage was a lso  kept constant and su f f ic ie n tly  sm all 
( 1 v o lt  v .m ,s ,) in  order th a t  th© modulation, envelop© o f th© voltag© 
drop across th© Inductance (L t ) would b© e s s e n tia lly  th© same as th a t  
o f the  c irc u la tin g  curren t ( ^ ) j  ( i t  i s  tru e  as long as M was sm all).
1) Solution for P .I of the equation ( 1.4®7* 18 ),
jw+t
: Lq  + R q -  + f l q " - V * eKo yo KO
I
Q a  --------------------- V* C
\o IX>% + R D  + fl
j<*t
v * e( fl -  w*L ) + j Rco*
y -j°‘ j w<t 
4 ? - e  • e
where
jl , (O t RXc(AV\ oC — R -.co?L  . >
Z* = W^R1 + ( R - ( * > U ) 2'
• • ^  aim («*t-<*)
2 ) S o lu t io n  f o r  P. I  o f  th e  eq u a tio n  ( 1 .4 .7 .2 2  ) .
L ■* R ^ si n (catt ) 6m
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-  ft v+ e  
‘ z ) z
-K J(COt + Wi)t J (w*
[ft -  I  (wf +u)*)z ] + jR (Wf+«s) [ A- LC^f-WsJ^j+jR^-tOs)
i,-
«v*e'i°<V  j(W t+W i}t -jJ5, j(Wt-Ws)t
2 j Z
z , e  -  e z ,  e
Q -  _ ^  | _ 1  co s[ (wf + w » ) t -p .- 01-*] + ±  co s[(co + + w » )t-? i-°^
4- a _  ^ C + ) • i a
T ^ p i  -  T - 7 w ,  i  f « M^  =
tshere
z r =  [ f t -  (w*. + ^ ) 1L ] t'+ Rz ( u t -*w>)1
Z\ = f A -  ]*+  R4^ - ^ ) *
R (a?* -  cos)
/?- fA/f -Ws) l L
se ttin g
n , =  (i + Ws/ ^ )  : ^ = ( 1 - ^ ) ;
HS => (■= U)+ R R ) ;
V
V*
<0+R [ I +■ C %>*!* . ^ B> j  [-  coiO Jtt * ( " / * *  -  " % ) s m < ^ ]
5= dte + m» g ixs*■ <5# e
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£ * $ !_  = -  i | _  j  ^  5 i „  [  ( u t * u , ) t  - ^ + f ) ] - ' - ^ s i i . [ ( W r c « J ) t - ^ + ^ j ]
Wt
21
U)t JIl [ cos ( $i+<*) 6i«(t^ + <4,)i -  sin cosfo^+mt —
2.i l
'co&( f& + cx) 6iw(Wt C^0s) t  -  sin C^ 2+oc) COS ( u)|-605){J ^
Substituting, , ng, <mt4 <*z leads t©
Zz
cUi _^  fl ]/t  w \ _  H| r KU - H») sin (^+u)*) t - [n, n 5 +<*,) Cos (M++Us)t
1 <4-^  v ,^x+ Hi2' I. V^ i^t + i^2* l / /+ H32,
( ^ i ^ i  ~ Ha) 6tH ** ( H t H a * * *  ) C<35
\ / 7 f * n J  \Zi + n*
-  AW
2. ^ yr+Ti]
(<*i n 3-Kii) sin (Ci>*+^$)t -  (h,H3 + ^ ,J a>5(uit+Vs)i
Hz
K + < )
C ^ n 3- r u ) s i n  ( a i r ^ s j t  -  (ht n5 + o<z) cos ( ^ - a ; 5) i
•178-
s i n u ^ t  + n 5 c o s ^ t  +  h
2
2  Z
Bi 6in (W* * U?s)t +
W
R(l+nj)
+  8 *  c o s  («*  + w&)t + B 3 s m  ( u > i - u ) t ) t  +  B 4 c o s ( w 4~Ci)&) t
, yy\ RjJjr Y^^ i 
'+ H« CoSi i^t + T7TS- 7=^S i n t ^ t   3 c s f   s , ' k l  ' +
B a  cos(w/ +  (*>$) t +  B 3 sin +* B 4 co& ( u v - w s ) t .  !j
<u^' eoOUootiEig ttrm s of* $ inw* t  ««q| cos&ft
V*.
RCi + nj) | -  (~  Ba. s i n u v f r  +  £ $  cosu?4t  _ + 'B i |C o s w * t  •+ B , c o s ^ i J  s i n u ^ t  +
n* + m2 w R ’  ^ 6 ,n  °°4^ +  ~ aiiiufet 4- B4 ccsu )ii) j co&u^t
RO + nJ)
X = I +• c^ r ( B3)cos Wit + (Bi| - Bi) sinWst + • • • -
+  h p o w e r s  of  c o s ^ s f  o.v\d sin^st
+*Hj + (&> " B s )  sihu>6t  + £ ^  &2-+ ® *0 Cos ^  ’*
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X V =  l+  n* + [ ( 8 **-Bi + " sB.  " " 383) sinwi t  + ( 6, + B3 i-ns B2 +•
+  n* |3m j C o s u J & t .
Vf %M X
‘/a
Sin (<•>»* * % )  I S i » ( u f t + % )
f e l w l a t i e a  c t  ® so
n, = y\ z * 1
^ Q f w^ - | ] ;  p .  = Q ( “% / - i j ;
M 50 YY) U)Q ~ 7w l st'u*
^  ‘ * \ / 0+oC?) ( I***?
MSo m Q  ^ , z
oix
i J + o< 2.
(A)<
S etting
w<yWt* -1 = x
80-
then eq. (1 .4 .7 .43) w il l  be 
u  ,i Q1-*H so - M  (*♦>)
•3Ms»
■3 X
3Mso
to r  
w*
L I + Q 1-Vl
— q w/tin
( I ■K31X1)(2a  +1) - Z ( x i +x)x  Ql  * 0  
a l x l - 2 x - i - o
v r + / i  + Q* 
A =  q 2-
I /-I + Q i- 
Q l
do1 Q i ~
*  (I + Q1)+ / l + Q 1
Q » I
^  ( i + q —) k  ;
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I I I ,  2. ' / Anplitude modulation as a  function  o f signal streng th ,
H g . I I I .  2.' C ircu it usod fo r  amplitude modulation ss  a
function  'of e igpa l streng th .
!
Cn annm
C.K.
s
where
O.E.O. -  cathode ray  osc illograph .
Ofc : c a r r ie r  o s c i l la to r ,  s= 1,5 Me/S.
: * s ig n a l transform er, 1*W
f 0 , -  1X3, voltmeter,
B0 ~ b iasing  h a tte ry f .10D v o lts . '
Qn ■ - '  nonlinear condenser under t e s t .
G* * 1 / mF ^ blocking condensers.
G* « 100 / m^viF.
X^i ■ ‘ * blocking inductance, 30 mH.
E | » decade- r e s i s to r ,  fo r  c a lib r& tim  O.R.O.
Kg * po ten ticssster, 100000 ohms.
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volti!Bter* - V-■ -;S.p
. : A *ywid® :* band .aigplifler, ■., . . . . . .
/  Th® c irc u it used for investigation o f  .'percentage of amplitude modu­
la tio n  m  a . function. of ^ g n a l  stren g th  i s  Big, 1IX.2. /
the signal voltage was rasasuredby a valve v o l t e t e r ,  connected in  the 
primary side of the input transformer, ’&©' modulation amplitude was 
observed'nod noaaured feyC.B.0, ■ '•'
 ^' Tim measurements m m  mad© a t'constant'bias So m 0.25 Mv/m, and 
Hxed c a rr ie r  voltage 0.044 Mv/W 2ha change of the signal, strength 
was conducted by change of the output o f the' signal o sc illa to r, (Os). . 
The oscilla te?  used was capable of: giving a" la rge  output current.
-183-
AEpeuaia: Ko. I ?  .
S?c» equation (2.3.15.) ana (2. 3. 16. )  i s
4 1zI =  - 12.| '  [ («k<* -  '/utL) ]  ^  d v ; + 12 1:‘[ w* ( -  M ]  W d V4 
bat, dV*»<i|z|Ic therefo re
oc*_ - r ; i z i 3 [ ^ i : ^ c t - 7 ^ i . ) ] T v r d v a
* '  I + II | z l a f « t  -  'M l ) ]  ^
(17.1.)
se ttin g  | -  w%>‘ - i - f y q i  and in troducing  in to  (17.1.*5 leafe^fco
dVt
o c
~ I z|*I; uit C(. x  
I + lzl3I; w ? c t x
- I zfVc&^c+x  
| + ■HI’-V* wJct X-
introduoing (2.3.12.) into (17.2.) leads to
(17,2. )
dvt  = -V+u>?Ct x «i
■Ufr*9iJ.+
Table No. 3.4*1* Characteristics data for the experimental model of dc, 
d ie lec tric  amplifier. (Pig. 3*4.1).
N , N * n U K h R v f * / * iV c
tut"VlS t u r n s / w  H. oli*v»S. oWtvtS t>h»vis Vsec. V o l f S
k % 3 i * i z 0.7 b i t ?. 5*
98 1  MO 33ioxl0 O-iS 2 .
-  1 8 k  m
f& blelfa . 3*5*1* ‘ t& a re e ie ris tie e  d a ta  fo r  the expodm aatal 
modal ©f ae* d ie le o tr ie . amplifies* ( H g . 3.5*1 }.
S c Q * Q s f f  ,
V o v ,
■’T V * * * < / 5 . . ' V o t f - S , V o l h . / H  H . AAM F /M/V* F
^ • 2 : » i o ^ 5
a f  | K C / S .
2 . ^ 7 7 0 ■Zi 0  ‘ 2 7 - 3 5 / t f 2 . 6 * *  8
fab le  Ho. 3,5*2. • C h a rac te ris tic s  data, fo r  the  e x ^ r iia e n ta l  model 
o f  etag®! t ie le o tr ie  : a ^ l i l le r  ;3.5*6). '
V ' k L twl Tt C h + , " S
C m^ C h ,
*5  Tv S c
T V *
L ‘
M c / $ « c / s / M H . /V i  H. p*  H  . / V t / u  F . / n / u  F . / r P / ^ / H H .
o h w s .
2 - 3 r . 3 5 3 ? -  ^ 0
2 8 -  3  5 2 t -  3 5 1 6  5
/  t
2 6  5 / • ^ 2 0 3 .
T n  , T i ' . ?
R l
i - r Ac n L ’ R  ^ c .
H o V w » 5 . H o  k w i 5 o U v v ^ b .
5 I I 0 O I • 3 2 7  6 0 i o :  I 1 0 0
*
E l  3  i  I  0  (5 E A P  H X
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B t  6  I i  o  g  r  a p  b y .
1*a» Vorfahren m& Torrlchiung 'su r VerSndorung dor AhBtimmng e le k i r i s -  
' cher ScM n^kreis®  in  'Ib h S n d life it von ei.ner CXaichapaimng* * .Swiss
■' p a t.a0 2 #^ T fi* r a n . im  '
b , . lin r ic h tu n g  m it koadcnsatoren sms Btem rn order Mstizmmn vm  Tochsol- 
stra& brslsea* ■♦-..Sisiss < . ; 1 1 > '■ ■ -■
2, .;■, E ffec t o f H e ld  Strength  an Pie loo t r i o  ■ P roperties  o f B arim -Stronti*m -
T itanata* Donley jH.1* S&v*8*5j^*{i9k?)*’': :-
3* •■■•;•.. Barium. fitanat®  and Barium Strontium fitan&t® Resonators* poale^y
\  ■■.:■■'. , ■ :
4 , *B arim  fitsmat® and Strontium fitan& te m  N o n lin ea r B io laotrtes**
■\ . Ifcb©rts*S* ^  ., , , ■ ■ ■
5. "Barium f i ta n a te s  as C irc u it BXements% Dramtis* B*T##Howait#£.H,
i i d: , + , ,.
I ,  "D ie le c tric  Am plifier Pundaiis5n.talstt#V incent,A ,^Pl^otr<m ic3 24 » 
Ib .1 2 * i4 #{Pac,195l)*
7 .a . *A Mathematical Jhrnljssis o f a  D ie le c tr ic  Amplifiers*,  H p es ,L .A .,
■ j.A ^ l,B iya*23 tH o ,adSlSi CAug.1952^
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7*b* ; A Mathematical Analysis o f a  S eries C i r c u i t ' Containing a  Nonlinear ; ,,
: 'Capacitor* Pipes L*A*f H  S I .  fra n s  72,pt*X«,283 ,(Ju ly  1953)*
- 6 , 3A -F erroelec tric  Am plifier % U rta r ita  H, ,  J . E ran k ,In st,254,517 # ■ .■;
(D eo . 1 9 5 2 ) .  ■■;; (
9, a . /■; " E ie le c tr ic  A m plifiers” ,  Penney £*W,. ,  Eorsh J ,B ,\ and Sack. S .A ,t
A X f  . I : ■frsm*72pp t#X>la»{Mardi, 1953)* aac trie .K ag * 3111(A pril 1954).
< ;i b , '■ ;■:■, ..^Hesoaaat D ie le c tr ic  A m plifier. Proguency Eespons©* , .fbm ey C*W, ,
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